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CHAPTER-I 
INTRODUCTION 
The Himalaya is the highest and the youngest mountain range in the world. 
because it has been formed relatively in recent times in the Earth's history, compared 
to older mountain ranges like the Aravalli in India, and the Appalachian in the USA. 
Himalaya extends over 2500 knl from north-west to south-east strike. It's average 
width along the entire longitudinal extension ranges from 100-400 km. In the northern 
side Indus-Tsangpo Valley separate the main Himalaya from the Trans-Himalaya. 
The Himalaya is a classic example of an orogenic system created by continent—
continent collision (Molnar and Tapnier. 1975; Replumaz & Tapponnier, 2003; 
Fournier et al.. 2004; Najman et al., 2010; Hall, 2012; Jain. 2014). Its youthfulness 
and incredible exposure make the orogen best for studying various geologic 
processes related to mountain building. Its potential as a guide to interpret the 
feedback processes between lithospheric deformation and atmospheric circulation has 
encouraged intense research in recent years on the history of the Himalayan orogen. it 
has played a significant role in global climate change. and its interaction with 
erosion (e.g.. Harrison et al., 1998; Molnar et al., 1993; Royden et at., 1997; 
Ramstcin et al., 1997: Tapponnier et al.. 2001. Beaumont et al., 2001; Yin et al., 
2002; Yi et al., 2011). According to Valdiya (1988) the various postulations on the 
evolution of the Himalayan Mountains can be put into two categories. One school of 
thought attributes the origin to vertical movements and attendant block faulting 
along deep faults and fractures which also served as channel ways for the granitic 
magmas (Van 1-linsbergen et al., 2011). The other view is that the orogen came into 
existence as a result of horizontal compression of marine sediments, the compression 
resulting from northward drift of the Indian subcontinent and colliding with the 
Eurasian plate_ the Indus-Tsangpo zone representing the junction of the two 
continents (Kravchenko. 1979; Ali and Aitchison, 2005, Gibbons et al., 2012). 
Information as to the history of the collision between India and Eurasia (i.e. 
when the last oceanic lithosphere was subducted and continental lithosphere comes 
into contact with other continental lithosphere) can be extracted by examining the 
timing of deformation, metamorphism, erosion and sedimentation within the 
1 
collisional belt (Searle et al.. 2003; Aitchison et al.. 2007: Guillot et al.. 2008: 
Metcalfe, 2013: Ali and Aitchison. 2014). Some authors suggest that the evolution of 
the orogen involved several distinct accretion events (Whitmarsh et al.. 2001; 
Aitchison et al., 2007), while others suggest a single collision event followed by a 
expanded history (Searle et al., 1992, 1999; Vance and 1-larris..1999: Noble et al.. 
2001: Walker et al.. 2001: Beaumont et al., 2004; Jamieson et al.. 2006. Leech. 2008). 
This controversial matter could be resolved by increasing detail in terms of the 
analysis of what geo-chronological and structural data within the orogen imply in 
terms of the evolution of its tectono-metamorphic stratigraphy and of its architecture. 
Alternatively, the impact of individual accretion events might be evident in plate 
reconstructions of the relative motion of India to Eurasia using ocean floor magnetic 
anomaly data (White and Lister, 2012). Plate reconstructions of India's motion 
relative to Eurasia are one key pieces of evidence used to establish when the collision 
of the two continents occurred. Molnar and Tapponnier (1975) were the first to 
suggest that a decrease in the rate of north-ward motion of India from 100-112 
mm/year to 45-65 mm/year at -40 Ma represented the collision of India and Eurasia. 
Subsequent plate reconstructions also observed a decrease in the relative motion of 
India relative to Africa. Antarctica and Eurasia (Dewey et al.. 1989: Molnar et al.. 
1988. Patriat and Achache. 1984: Patriat and Segoufin. 1988). While there were 
differences in each of these models, they all attribute the deceleration of the Indian 
plate between 55 and 36 Ma to the collision of India and Asia (Jain, 2014). This is 
consistent with geological observations that suggest substantial changes occurred in 
the Himalayan orogen during this time period (e.g.. Rowley, 1996: Guillot et al.. 
2003). Recent work (Van Hinsbergen et al., 2011) suggests the deceleration of India 
relative to Eurasia may be related to something other than the collision of the two 
continents. These workers highlighted that India's motion increased at -90 Ma and 
between -65 and 50 Ma. They suggested that plate acceleration and deceleration 
could be related to plume head arrival and increasing continent-plume distance 
respectively. 
The mountain building activities involve the accumulation of stress. This 
accumulated stress is released in the phased manner which leaves behind imprints, in 
the form of different patterns of structural elements. The imprints formed by different 
deformational episodes are present as signatures of Ilimalayan and pre-l-limalayan 
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orogens. Different workers have given different models regarding the Himalayan 
orogeny from time to time on the basis of different criteria. Compressional tectonics 
in the Himalayan region is an accepted fact of field geology but a number of 
geological facts, for example limited width (<500km) of the Tethys ocean. mafic 
ultramafic diapirism in an extremely long and narrow lithosphere in the Indus-Suture 
Zone. intra-continental ensialic basin in the Tethys region throughout its long life 
span have led to alternate models to explain the structural evolution of the region 
(Bhat. 1984:1987). Despite large number of evolutionary models, fact is that the 
stratigraphy and structural geology of the Himalayan region is not Well understood 
and it lacks the factual ground data. Dubey (2004) in his publication narrated the 
structural evolution of the Himalaya and detailed structural features in parts of 
I limalavan region can be explained with the help of inversion tectonic Model a model 
which is totally different from collision tectonics. His model is essentially based on 
the field data and can explain the formation of different generations of folds, faults 
and reverse metamorphism. He has also concluded that the evolution of the Himalaya 
and other fold belts of India, when considered in isolation, can be explained with the 
help of suitable models but when structural trends and fold orientation data from the 
Indian subcontinent is considered in entirety none of the existing models can explain 
their formation. 
1.1. Regional Geology 
The Himalaya forms one of the strongest features in the face of the world. Its 
range outline the Indian subcontinent in a massive 2500 km arc, an icy barrier 
between the tropical India and the highlands of Central Asia and at the both ends there 
is a noticeable bend of the strike, the NW- and NE-1-Iimalayan syntaxes. According to 
Najman (2006) the total convergence between 1400 and 3215 Km is estimated across 
the entire Himalayan orogen (including the Tibet) since the start of collision (Fig. 1.1). 
The 1-limalavan mountain system consists of series of southward propagated thrust 
sheets which began almost straight away after the collision between Indian and 
Eurasian plate in the Eocene (Ratschbacher et al.. 1994; Searle et al., 1997; Hodges.. 
2000. Richards et al., 2005; Guillot et al., 2008). I-Iimalaya consists of three tectonic 
slices bounded by three north-dipping Late Cenozoic fault systems which include 
Main Boundary Thrust (MBT), the Main Central'I'hrust (MC'l') and the South Tibetan 
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Detachment System (STD) (Fig. 1.2). The Indian and Asian crusts are separated by 
Indus- Tsangpo Suture zone (I1SZ) and are composed of sedimentary rocks, melange 
and ophiolitic material. There is uncertainty regarding the obduction period of 
ophiolitic material on the northern Indian margin. Searle et al. (1997) suggests late 
Cretaceous ophiolite obduction with Eocene reactivation (associated with Himalayan 
collision) where as Garzanti et al. (1987) and Gaenti and Garzanti (1991) favour 
Paleocene Early Eocene collision. All three tectonic slices are considered to be parts 
of the north facing Himalayan passive continental margin commonly known as the 
Tethyan Himalaya which developed from middle Proterozoic to Cretaceous times 
(Brookfield, 1993). Further lying to the south of the Tethys Himalaya, are the 
metamorphosed Indian plate rocks of the Higher Himalaya which are bounded by the 
Main Central Thrust below and the South Tibetan Detachment fault above (Burg and 
Chen, 1984; Burchfiel et al., 1992; LeFort, 1996) and comprises of late Proterozoic to 
early Cambrian meta-sedimentary rocks and Tertiary granites (Parrish and Hodges. 
1996). South of the Higher Himalaya lies the Lesser Himalaya consisting of low 
grade Indian crustalmaterial of mostly Precambrian to Paleozoic age (Tewari, 1993; 
Frank et al., 1995; Hodges., 2000). The Lesser Himalaya is structurally the lowest 
slice which is bounded at the base by the Main Boundary Thrust and at the top by the 
Main Central Thrust. Further it is categorized into inner and outer Lesser Himalaya 
based on lithological and geochemical differences (Valdiya, 1980; Ahmad et al., 
2000). South of the Lesser Himalaya lies the Sub Himalayan foreland basin consisting 
of unmetamorphosed sedimentary rocks which are separated from the Lesser 
Himalaya by the Main Boundary Thrust (Meigs et al., 1995). 
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Fig. 1.1- Digital elevation model (1 x 1 mile USGS dataset) from the Indian sub-continent. Note the steep front of the Himalayan range 
towards the South and the huge Tibetan plateau in the North. The two syntaxes near the Nanga parbat and the Namche barwa are nicely 
visible. Star indicates the location of the Spiti Valley (after dragnites, 2000). 
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Fig. 1.2- Simplified tectonic map of Himalayan orogen after Arora et al., (2012). 
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1.2. Himalayan divisions and their description 
Yin (2006) categorized the I-Iimalayan orogen into north Himalaya and south 
1iimaia%-a separated by its high crust line. in this categorization the North I-iimaiaya is 
approximately equivalent to the geographically defined Tethyan 1limalaya of Heim 
I 	1' 3(".) 	I. 	rr•.-.. i 	f r 	(11 971 5). r_ti---2 _ 	r- -  uiiu (ialisser 	t' Y ") vi ills Tibetan riiiiiwu i ul txcoi L t t i i _ 3. ruhow1ug LIIC 
tradition of Heim and Gansser (1939) and Gansser (1964), the south F limalaya is 
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strike, the I limalayan orogen is divided into the western, central and eastern segments. 
The ;r extern Himalayan orogen covers the I.illowing regions that commronl\ appear 
in the literature which include Salt Range in northern Pakistan, Jammu and 
Kashmir. Zanskar. Spiti_ Chamha_ Himachal Pradesh, Lahul. Garhwal. and Kumaun 
regions of northwest India (Fig. 1.3). 'l'he central I-limalayan orogen occupies Nepal. 
Sikkim. : and south-central Tibet, whereas the e astern 1-lirnalaJ" n orogen includes 
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This lithotectonic unit represents the outermost zone of the Himalayan 
mountain belt that rises up just north of the indus-Ganges plains constituting of 
densely vegetated low-altitude foothills with an average altitude of 900-1500 in. Its 
southern most part is known as Siwalik Range, which is prone to landslides during 
monsoon. The Sub-Ilimalaya tectonic unit comprises of Tertiary molasse type 
sediments which are overthrusted by the Lesser Himalaya along the Main Boundary 
Thrust (MBT) and subsequently they themselves are thrust south-westwards over 
Holocene -swill leL1L Vl ILIC llluuS-~laugeS plains vy the IVLaltl 1• WLILUl I IllUJI (LVLI- 13. Iii 
the Himachal Pradesh sector. the lower Eocene to lower Miocene Sirmur Group 
(S l t"u !\ 	h 	and v 	1• T 	\ 	r 	f' F 	if l limestone.  ublatil 	1 i 11 la c~ u r%i`rsltlirl ~ ii$,~ consisting ~n r7ril~i~liiii~ritr  
sandstone, and mudstone is succeeded by the mainly terrigenous clastic sediments of 
the middle Miocene to Pleistocene Siwalik (;roue ( Singh 2003: 2010: Z3liatia and 
Bhargava_ 2005: Bhatia et al.. 21)13). 
Fig. 1.3- Tectonic map of Himalaya showing Permocarboniferous sequences within the Tethyan Himalaya (after Hornung et a1..2007). 
1.2.2. Lesser Himalaya (non fossiliferous low grade metamorphic 
rocks; also known as Lower Himalaya) 
The Lesser Himalaya shows alpine type mountain ranges with altitudes 
ranging between 1500 to 5000 meters. Due to the position directly south of the main 
range. this zone benefits from a lot of rain during monsoon and thus it is densely 
covered by vegetation. The lesser Himalayan tectonic unit is placed south of the 
Higher Himalaya which over-thrusted the Lesser Himalaya along the Main Central 
Thrust (Heim and (iansser, 1939). and North of the Main Boundary Thrust, where the 
Lesser Himalaya tectonic unit is thrust over the Sub-Himalaya. Additionally. Lesser 
Ilimalavan lithologies can be found in large tectonic windows below the Higher 
Himalaya. the Kishtwar Window (Fuchs, 1975; Guntli, 1993) and the Kullu-Larji-
Rampur Window (Frank et al.,1973; Thoni et al., 2012) indicating a minimum 
thrusting distance of 100 km on the kni thick Main Central Thrust zone. 
The lithologies range from Precambrian to Eocene with a major break in 
deposition between middle Cambrian and Eocene, the metamorphic grade is generally 
low, but can reach lower greenschist conditions in the uppermost nappes (Srikantia 
and Bharaga. 1998). Within the Lesser Himalaya, several tectonic units can be 
distinguished, in principal several nappes are thrust above nearly unmetamorphosed, 
imbricated. para-autochthonous sedimentary series (Franket al., 1995; Srikantia and 
Bhargava, 1998; Valdiya.1998). 
Four successive para-autochthonous Proterozoic sedimentary megacycles. 
bordered by unconforznities. have been distinguished in the Lesser Himalaya: (Virdi, 
1995: Srikantia & Bhargava, 1998) (i) Rampur-Berinag cycle (1800 Ma; Miller, et al. 
2000) consists of striking ortho- quartzites and slates associated with basic volcanics 
(ii) Shali (= Larji = Deoban) cycle (1400-900 Ma) comprises dolomitic and 
calcareous stromatolites with very rare siliciclastics (iii) Shimla cycle (900-700 Ma) 
consists of shales and greywackes with minor carbonates and rare volcanics and the 
cycle ends with redbeds (Nagthat Fm.) (iv) Blaini-Krol-Tal cycle (700 Ma to early 
Cambrian) shows two diamictite horizons (Blaini Group) followed by black shales 
and carbonates and finally succeeded by dolomites with some siliciclastics. 
1.2.3. Higher Himalaya (crystalline complex consisting of gneisses 
and aplitic granites; also known as the Greater Himalaya) 
The Higher Himalayas comprised of ductily deformed metamorphic rocks and 
marks the axis of orogenic uplift. Mica sehists, quartzites. paragneisses, migmatites, 
and leucogranite bodies characterize this uppermost Himalayan zone. Corresponding 
mineral assemblages are dominated by biotite to sillimanite, representing grecnschist 
to amphibolite facies metamorphism. Deformation seems to have occurred in a north 
to south direction and is associated with the MCT which brings the Higher Himalayas 
on top of the lower Himalayas (Sorkhabi eta]., 1999). According to Windley (1995), 
approximately 350km of shortening had occured in the Greater Himalayan sequence 
of rocks. However, through studies by DeCelles et al. (1998), a major thrust fault 
within the zone was discovered and estimated that between 600 and 650kni of 
shortening may have occurred in this unit. Abundant high-level intrusions of Early 
Ordovician peraluminous granites with minor associated basic intrusions are restricted 
to the Higher Himalayan Crystal lines. According to Miller et al. (2001), these granites 
indicate an extensional setting in their geochemistry that fits to the observation oI'pre-
Himalayan deformation (Gasemamt et al., 1999; Wiesmayr et al., 2002). 
Leucogranitic intrusive, generated by anatexis during the Tertiary metamorphism and 
occur near the top of the Himalayan Crystallines (Le Fort, 1975). Higher Himalaya 
sedimentary sequences, distinctly older metamorphous lithologies below the 
Neoproterozoic VaikritalHaimanta Groups and has been considered most probable 
candidates for this basement are peculiar lithologics (augengneisses. calcite-marbles 
and carbonaceous slates). Whole rock Rb/Sr isochron ages on these augengneisses 
gave 1960±29 Ma for a sample from the Bharagaon gneiss in the Sutlej Valley and 
around 1860 Ma for a sample near Bajaura in the Kullu Valley (Frank et al. 1995; 
Miller et al. 2001). The Almora crystalline in Kumaon that is situated above the MCT 
comprises abundant, moderately deformed granitic intrusions with ages around 1800 
Ma, thus representing a potential candidate for the basement of the Ilaimanta Group. 
1.2.4,Tethys Himalaya 
The Tethys Himalayan sedimentary zone is one of the major tectonic domains 
within the Himalayan Orogen (Gansser, 1964; Le Fort, 1996; Hodges. 2000; Yin, 
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2006). stretching for about 1 500 km from Zanskar (NW India) to south Tibet (SW 
China). Its northern boundary coincides with the Indus-Tsangpo Suture (Gansser. 
1983). whereas the southern boundary is represented by the tectonic contact with the 
High Himalaya Crystallines (HHC), commonly referred to as South Tibetan 
Detachment System (STDS: Burg et al., 1984: I-lerren.1987; Burchfiel et al.. 1992: 
Searle and Godin, 2003) and preserves a continuous stratigraphic record for over 
500 Ma documenting the history of northern Gondwana during most of the 
Phanerozoic (Gaetani and Garzanti. 1991: Brookfield, 1993). This Sequence consists 
of Proterozoic to Eocene siliciclastic and carbonate sedimentary rocks interbedded 
with Paleozoic and Mesozoic volcanic rocks (Brookfield, 1993; Critelli and Garzanti. 
1994) with the main occurrences in north-west India in the Kashmir, Ladakh/Zanskar, 
Spiti Kumaon synclinoria. The Tethys Himalayan zone can be divided into four 
subsequences, (1) Proterozoic to Devonian pre-rift sequence characterized by laterally 
persistent lithologic units deposited in an epicratonal setting. (2) Carboniferous to 
Lower Jurassic rift and post-rift sequence that show dramatic northward changes in 
thickness and lithofacies. (3) Jurassic—Cretaceous passive continental margin 
sequence and (4) upper most Cretaceous—Eocene syncollision sequence (Liu and 
Finsele. 1994; Garzanti. 1999; Myrow et al., 2010; Sciunnach and Garzanti, 2012). 
In the northwestern Indian I-Iimalaya. the pre-rift sequence can be further 
divided into the Proterozoic— Middle Cambrian Haimanta Group and a Lower 
Ordovician—Devonian shelf sequence. The two units are separated by a regional 
unconformity with the lower unit extensively intruded by 550-470 Ma granites (e.g., 
Baud et al., 1984; Brookfield. 1993; Frank et al., 1995; Miller et al., 2000). The lower 
age hound of the Haimanta Group is poorly known and is considered by most 
to be Neoproterozoic in age (Frank et al., 1995; see also Draganits, 2000 for 
detailed review of this problem). However, Miller et al. (2001) using Rb—Sr dating of 
a mylonitic orthogneiss unit (the Baragaon gneiss) shows that the basement of the 
Tethys Ilimalayan Sequence has an age of 1840 Ma in the Kullu—Larji—Rampur 
window. 
The Phenarozoic succession of Tethyan Himalaya in the north-western part is 
developed in three important basins namely Kumaun (Utarakhand), Kinnaur- Spiti-
Zanskar (Himachal Pradesh and Jammu and Kashmir), the two lying north of the 
Central Himalayan Axis or the Central Crystalline and the Kashmir and Chamba basin 
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laying South of it as shown in the figure 1.4. These sequences which are best exposed 
in Spiti in Ianskar-Spiti of Ilimachal Pradesh and in Kashmir region, represent 
deposionai history of the Tethys sea over the north facing Indian plate margin. 
Kumaun basin: North of the greater Himalaya, a massive pile of marine 
uiiiiiiits ussociited 	iih igneous rocks. ranging fioili Pititeiozoic to %'ietaeeous, 
occurs continuously from Pithoragarh district in the east of Uttarkashi district in the 
west in Kiil'i'aun and Gar ii ai regions. named as the Kumaun Basin. It encompasses 
around 20,000 square Km, the basin has been divided in to three regions. the north-
western Niti regica, the central Malla-johar area and south-eastern Byans, having 
different Stratotypes (Fig. l . 4). 
Fig. 1.4- Map showing the basins of the '[fethyan belt of Northwest Himalaya (after 
Arora et al., 2002). 
Kashmir basin: One of the best developed and continuous Paleozoic successions 
of the Tethyan Himalayan belt is exposed in the Kashmir basin. It has attracted 
attention of numerous workers from time to time, because of its easy accessibility, 
rich fossil assemblage and outstanding exposures. The Chamba and Bhadarwa region 
lying between Dhauladhar and Pirpanjal ranges exposes a succession of Tethyan 
sediments ranging in age from Late Precambrian to Permian or even undifferentiated 
lower Triassic. It is poorly fossiliferious and shows lateral facies variation with the 
rocks of Kashmir basin. The chamba basin forms an isolated sector of north-western 
Himalaya and exposes entirely part of the Tethyan sequence. 
Kinnaur-Spiti-Zanskar basin: The Spiti together with Zanskar constitutes the 
largest marine basin of the Higher Himalayan ranges. The Spiti basin, forming the 
South-eastern section of the larger basin, contains almost an uninterrupted succession 
of sediments ranging in age from Precambrian to Cretaceous. The Zanskar basin 
constitutes the southern part of the Ladakh Himalaya and in the geotectonic sense it 
represents the northwest extension of the main Spiti basin. Structurally, the elongated 
Spiti region. which strikes parallel to the general trend of the Himalaya (i.e. 
northwest- southeast) can be divided into four separate regions such as the Lahaul 
Valley. Spiti Valley, Lingti Valley and Pin Valley. Politically. Spiti forms part of the 
Lahaul-Spiti district of the Himachal Pradesh state (India) covering 3225 km`' of an 
uneven mountainous area with some peaks more than 6500 m high and Valley floors 
at altitudes of 3600 m. The temperatures are extreme both in summer and winter as a 
result the mountains are barren and bleak which makes it a tough job to carry out the 
field work in the rough and low oxygen level Spiti region. 
There are two routes to enter Spiti Valley. the first root that we have followed 
during our field visit is from Manali via Rohtang Pass to Kaza, which is the head 
quarter of Spiti region (Fig. 1.5). Manali is connected by Air. Rail and Road from 
New Delhi and from Manali. the Kaza can be approached by taxi or local buses. 
Another way of approaching Kaza is from Shimla via Kinnaur. Shimla being a 
capital city of Himachal. Pradesh state, is very well connected by Air, Rail & Road 
from New Delhi. 
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Fig. 1.5- Road map of the Lahaul and Spiti region. 
1.3. Purpose of the study: 
The main purpose of the study is to examine the Permocarboniferous sedimentary 
rock sequences from the Spiti region. Ilimachal Pradesh, Tethys Himalaya with a view to 
understand their provenance (i.e. source rock types) of sedimentary rocks and their present 
location, the paleoclimate and palcoweathering conditions of source rocks from the Spiti 
region. The integrated approach including petrography, geochemistry, SEM and XR[) 
techniques, isotopic studies (6 0, b''C, Re-OS) were employed to achieve these objectives. 
Since the sedimentary rocks under discussion are from marine environment, the 
effects of environmental conditions (i.e. red-ox conditions) and Ocean Anoxic Events 
(OAE) were also discussed for the black shales close to P-"1' boundary. 
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1.4. Previous work: 
The Spiti Valley in the geological literature was first referred by 
Gerard.(1827.1841). Since then this Valley which exposes richly fossiliferous and 
fairly complete classical Phanerozic sequence attracted attention of the geoscientists 
from the globe and becomes the stratigrapher's delight despite its remoteness and 
difficult accessibility and has attracted the geoscientists all over the world. The 
pioneering work carried out by Hayden (1904;1908) and Diener (1912) made Spiti 
well known for its classical Phenarozoic sequence. Hayden's monumental work 
especially mapped the area and presented an account of various formations which still 
pros ides a sound base for any detailed work. The mineralogical investigations in the 
Spiti-Kinnaur area were also carried out by Bhatt and Arora (1984), Bhargava and 
Gadhoke (1988) and Bhatt et al. (1999). dealt with Paleontological aspects, whereas. 
Srikantia (1981), Khanna et al. (1985). Bagati (1990), Garzanti et al. (1996) Srikantia 
and Bhargava (1998) Goel et al. (1984; 1987), Shanker et al. (1993), Draganits et al. 
(2002: 2008 and references therein), Suttner (2003), Myrow et al. (2003), Krystyn et 
al. (2004), Garzanti et al. (2005). Sakagami et al. (2006) Yin, (2006) Bhargava (2008 
and refrences therein) and Sciunnach and Garzanti, (2012 and references therein) 
dealt with the regional geology and stratigraphy and have established various 
stratigraphic units of the Phanerozoic sequence with remarkable precession mainly 
based on fossil assemblages. 
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CHAPTER-I1 
GEOLOGICAL SETTING 
2.1. Introduction: 
In the Spiti region of Ilimachal Pradesh, northern India, an excellent Tethyan 
sedimentary sequences spanning from Precambrian to Tertiary periods are very well 
exposed. The sedimentary succession of the Tethys Himalaya is considered to 
represent the deformed remnants of the northern continental margin of the Indian 
subcontinent. Although involved in the tertiary Himalayan progeny, the sedimentary 
succession experienced only little deformation (low grade metamorphism) and thus 
preserves the complete record of their source rock composition. Spiti basin is 
considered the largest marine basin among the Himalayan Tethyan basins and is the 
South-western extension of the greater Tibetan basin. The oval shaped Spiti basin 
exposes about 12,000m of sediments at an average altitude of 3500 to 5000 metre 
above the mean sea level. The presence of richly fossililerous and complete classical 
Phancrozic succession attracted attention of the geoscientists from the globe. 
Gerard (1827) gave the first geological reference about Spiti Valley. 
Pioneering work by Hayden (1904. 1908) and Diener (1912) made Spiti well known 
throughout the world for its typical Phanerozoic sequence and till this date their work 
forms the base for the stratigrahical information. Subsequent detailed investigations 
carried out by many geoscientists (Fuchs, 1982; Srikantia, 1981; Bhargava et al. 1988; 
Bagati, 1990; Gaetani and Garzanti. 1991, Bhargava and Bassi. 1998; Srikantia and 
Bhargava, 1998; Myrow, et al.. 2003) document mainly paleontological and 
stratigraphical information of the area. Based on extensive investigations by various 
geoscientists. a broad consensus had reached to divide the sequences of the Tethys 
Himalaya in the Kinnaur-Spiti in to nine groups and twenty four formations as given 
in 'Fable I. although different opinion exists on subdivisions of these groups in to 
formations and members. The stratigraphy of the Spiti area proposed by Bhargava 
(2008) seems to be quite pertinent and so has been adopted in the present study. The 
geological map of the study area is given in figure 2.1 and shows the lithology, major 
rivers and streams flowing in this region. 
16 
78° 20'E 
Indian Craton 
Suture & Asian active margin 
Himalayan Chain 
VV 	 Indo-Gangetic Plain 
111gb b4...l. — 
r b 
' 1 
- --V 	— - 	- 
-r 	 - 	- 
32° OO'NI 
Fig. 2.1 - Geological map of Spiti Region (after Bagati, 1990). 
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Group Formation Main Lithology Age 
Lagudrasi Chikkim Limestone, Shale Jurassic 
Guimal Sandstone 
Spiti Shale 
Kioto Tagling Limestone. Dolomite L-Jurassic 
pars Limestone, Dolomite ll-Triassic 
Nunuluka Sandstone, Siltstone, Limestone U- 1riassic 
Nimoloksa Alaror Shale, Sandstone, Limestone 
C 
Hangrang Limestone, Dolomite _ Rangrik Shale. Sandstone, Limestone 
Rongtong Dolomite, Limestone U- I riassic 
Sanghutg Rama Shale, Sandstone, Limestone 
Tamba- Chamulc Limestone 
kurkur Kaga Shale, Siltstone. Limestone L-M Triassic 
Mikin Limestone 
Kuling Gungri Black Shale, Siltstone Late Permain 
Gechang Sandstone, Shale Early Permain 
Kanawar Ganmachidam Conglomarate, Shale, L-Carb. 	E- Permain 
Po Sandstone E- Carb. to L- Carbon. 
Lipak Shale, Sandstone Early carboniferous 
Muth Limestone, Sandstone, Shale Late Devonian 
Quartzite, Sandstone 
Sanguba Takche Limestone. Sandstone, Shale L-Ordov. L- Silurian 
Thango Conglomerate Early Ordovician 
Haimanta Kunzam La Sandstone, Shale, Limestone Cambrian 
Batal Sandstone, Siltstone, Shale Precambrian 
Table-2.1 - General stratigraphy of the Spiti region (alter Bhargava, 2008). 
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2.2. Haimanta Group 
Cmeisbach (1891) originally suggested the term Haimanta system for the 
sedimentary sequences of the Higher Himalaya. Based on lithostratigraphic classification, 
Srikantia (1981) classified this group into the Batal, Kunzam La and Thango formations 
in the ascending order. The regional unconf'ormity separates the Thango and Kunzam la 
Formation from each other. Bagati (1990) followed this definition, paid the attention to 
this regional unconl'ormity (Ordovician unconformity), and excluded Thango Formation 
from the Haimanta Group. The Haimanta Group of rocks exposed very well in the 
Parahio Valley, Lahaul and Spiti regions of Himachal Pradesh. The Batal Formation is 
well exposed in Chandra Valley between Bara Data and in Baga Valley near Jispa. The 
Kunzam La Formation best exposed near Kunzamla la along the water divide between 
Lahaul and Spiti. 
2.2.1. Batal Formation: 
Srikantia (1981) proposed the term Batal Formation after the village Batal in 
Chandra Valley and latter extended the term to Zanskar section of the larger Zanskar-
Spiti-Kinnaur basin. The thickness of this Formation in the Spiti region is estimated 
around 2000 meters whereas 1700 and 1200 metres in Zanskar and Kinnaur areas, 
respectively. The Batal Formation is recognizable from a distance as dark grey to light 
grey sequence forming rather steep slopes. It comprises of micaceous quartzites with 
pyritious carbonaceous phyllite, olive green slaty shale and local lenses of grit and 
conglomerate in its basal part. The basal part of this Formation is shale/slate-dominated 
while in the upper part silt /sand content is common. Two granitic bodies (viz Rateilaman 
and Jispa Granite) are exposed in the Batal Formation; the Jispa Granite has been dated 
by Rb/Sr whole rock method as 512* 16 Ma (Frank et al., 1977). 
Age: The Batal Formation is devoid of fossils. Srikantia (1981) assigned a Proterzoic 
age because it normally underlies a sequence ol'sediments containing Cambrian fossils. 
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2.2.2. Kunzam La Formation (Parahio Formation): 
Srikantia (I 981) proposed the term Kunzam la Formation for the Lower Paleozoic 
rocks comprising flyschoidal sediments of the Haimanta Group after the famous Kunzam 
La pass between Lahaul and Spiti. Hayden (1904) proposed Cambrian age to this 
classical sequence and divided it into six zones. Bhargava et al. (1982) divided the 
Kunzam La Formation into Debsa Khad and Parahio members. The Formation is well 
exposed near Kunzam La pass along the water divide between Lahaul and Spiti. It has 
been traced from the Baga Valley in Lahaul to Doda Valley. In Zanskar, Marling Nala 
section of Kurigiakh Valley offers good exposures that are rich in Trilobite fauna. 
The Kunzam La Formation is identifiable by its greenish colour and gentle slopes 
as compared to the Bata! Formation. In general, it consists of greenish grey siltstone, 
sandstone. gra%wacke. slate and green shales. Dolomitic bands that enclose small algal 
build-ups occur in its upper part. The dolomite bands are much thicker in Lahaul and 
Zanskar area, in the latter area. it is called Karsha Limestone. The heavy mineral suite in 
the Kunzam La Formation includes staurolite. chlorite, zircon, zoisite, tourmaline and 
haematite. Zircons belong to several age groups most important being of Early Cambrian 
(525Ma) age (Myrow et al., 2003) locally lenticular pebbly beds have been recorded. The 
basal part of the Kunzam La Formation encloses Phycodes palmatum, Plagiogmus. 
Diplichnites. Dimorphichnus. Rusophycus and Monomor- phichnus (Bhargava et al., 
1982). From the Kinnaur area Phycodes pedum (Bhargava and Bassi, 1998) is also 
known, indicating earliest Cambrian age for the basal part of the Kunzam La Formation. 
The overlying sequence has yielded a rich crop of trilobites of Early Middle Cambrian 
(Maochungian) age. Besides trilobites, the Kunzam La Formation also contains para-
conodont of middle Cambrian age (Bhatt and Kumar, 1980) and brachiopods. The 
Kunzam La Formation ranges in age from upper most early Cambrian (Lungwangmiaon 
Stage) to middle Cambrian (I-isuchuangian Stage) (Myrow et al., 2006; 2010). Ripple 
bedding. lenticular bedding, low angle-truncation, sand partings with mud drapes. 
festoon cross-bedding and ripple marks are general in the succession. Locally load and 
flute casts are present. 
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2.3. Sanguha Group 
Bhargava et al. (1988) proposed the term Sanguba Group to include Thangu. 
Tackhe and Muth formations of Spiti after Sanguba stream where all these Formations 
are well developed. Thango Formation was earlier included in Haimanta Group by 
Srikantia (1981). On the assumption of existence of geosynclinal sedimentary cycles.. 
Bhargava et al. (1988) considered transgressive and regressive cycles as the basis of 
classification and grouped Thango Fomtaton under Sanguba Group. Later on, based on 
apparent break between Tackhe and Vluth Formations, Bhargava and Bassi (1998) 
grouped Muth Formation with the overlying Kanawar Group. thus redefining the 
Sanguba Group as consisting of "thango and Takche formations. The Sanguba group is 
well exposed in Spiti, Zankar and Kinnaur segments of large Kinnaur-Spiti-Zanskar 
basin. Srikantia (1981) has estimated its thickness as 12000 metres. 
2.3.1.Thango Formation (Shian Formation): 
The Thango Formation, forming part of the Sanugba Group. along an angular 
unconfotmity rests over the Kunzam La Formation, The Thango Formation is 
recognizable by its red colour and rugged slopes. The sequence, in almost all the sections, 
commences with two levels of conglomerates interbedded by sandstones. The clasts in 
the lower conglomerate band show close affinity with the rocks or upper part of the 
Vaikrita Group, and the Batal and Kunzam I a formations. The upper conglomerate has 
clasts of'l hango affinity and are mainly well rounded and well sorted with both clast and 
matrix supported conglomerate. the sandstone comprises moderately to poorly sorted 
sub-angular to sub- rounded quartz (70-75%) showing moderate to good sphericity in a 
clayey to ervptocrystalline matrix having opaques, epidote, muscovite, zircon and 
tourmaline (Bhargava et al., 1991) as heavy minerals. The sandstone sequence shows 
tabular, trough and herringbone cross-bedding, tidal bundles, mud cracks and current 
crescents. The entire sequence in lower part is unfossiliferous while as fragmentary 
bryozoa and the casts of brachiopod and marine algae Prismocorollina species have been 
reported by Sinha and Misra (2006). The upper part of the Thango Formation associated 
with shale partings encloses trace fossils. In the Kinnaur area Phycodes circinatum of 
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Eariv Ordovician age in basal part and pentamerids in upper part are known (Bhargava et 
al., 1984). These sandstone represents inter tidal to supra tidal environment (Bhargava 
and Bassi, 1998). The paleocurrent direction in Spiti is mainly towards North-East 
(Bhargava et al.. 1991). with variations in North-West direction (Bagati et al., 1991). 
Age: Ph} codes circinatum, a guide ichnofossil for early Ordovician in the Gondwana 
province. marine algae Prismocorollina species (Sinha and Misra. 2006) and bryozoan 
fragments are found (Bhargava. 2008) in the Thango Formation. "I'he Thango Formation 
thus is assigned an early Ordovician age. It conformably passes in the overlying Tackhe 
Formation which in its lower parts has yielded late Ordovician conodonts and bryozoa 
and corals. 
2.3.2. Takche Formation: 
The name Takche was first proposed by Srikantia (1981) for the 200 meter thick 
sequence of rocks comprising of dolomite, dolomitic limestones, siltstones, shale and 
quarzite exposed along the left bank of the Takche Nala (stream) in Spiti region. 
Whereas. for the same sequence. Goel and Nair (1977) simultaneously proposed the 
name Pin for the 102 meter thick basal part of the Takche Formation and Thanam for a 
15 meter thick limestone occurring about 20 meter below the top of the Takche 
Formation. The term 'l akche has been preferred because Takche locality falls along a 
State I iighwav and is easily accessible, whereas Pin is the name of a river which cuts 
across several formations from Batal to Kioto regions. In addition, this sequence in the 
Pin Valley is difficult to approach. Takche Formation is recognized in different localities 
of the Zanskar-Spiti-Kinnaur basin. Some of the good exposures are found in Parahio 
Valley. Spiti and upper Lingti Valleys and Zanskar region. 
The Takche Formation comprises of limestone, marl, nodular limestone, well 
bedded limestone, dolomite. siltstone. shale, calcareous sandstone and is characterized by 
small coral-stromatoporoid buildups with minor algal input (Ranga Rao et al,. 1984: 
Bhargava and Bassi, 1986: Suttner et al., 2005). The sequence is more siliciclastic 
towards northwest and carbonate becomes dominant towards southeast (Parahio, Pin, 
Gvamthing and Tidong Valleys). The sandstone comprises of fine angular quartz (75%). 
minor feldspar. opaques and bioclasts within an argillaceous matrix. It shows low-angled. 
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hummocky and herringbone cross-beddings. According to Shanker et al. (1993). Takche 
formation demarcates strong influence of storm processes on a regressive shallow shelf. 
Age: Based on coral and algal remains, the Takche Formation was assigned an age 
ranging from Late Ordovician to middle! early Late Siiurian (Bhargava and Bassi, 1998). 
2.4. Kanawar Group 
The Kanawar Group included the I,ipak. Po and Ganmachidam formations of 
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gradational contact with the underlying Muth Formation the Muth Formation was also 
^G 1 tided under the Kanawar  Group by Bhargava (2008) (Fly. 2.2).The Permo-
Carbonilerous sequence is thick towards the north western and south-eastern boundaries 
of the basin_ but remains comparatively thinner throughout the major hart of Spiti. 
a 	RS Group Formation 	Age 	Lithology 
Mikin 	Early-Traissic 	limestone eM'°" tJ!K 
R K FoL Gungri Late-Permian 	j Gray to Dark gray needle, 
U splintery blackshale with 
nn 	
o0 (Permian) L j nodules and sandstones.  
n :O. 	Giis 	du F. I N 	 Calcareous sandstones and • 
Qechang 	[ EaTtY-moian 	quartzites. 
Pe F■. Diamictites & quartzitic 
Ganmachidam Late-Carb.to Early Permian sandstones. 
300 ■ 
_:-_- _-- 	- K 
A Po Upper early Carb. To Late Rack shales and quartzitic 
I 	F.. A Ca rboniferous sandstones. 
1~ ■ W(Carboniferous) 
Lipak 
Early Carboniferous 
limestones with nodules 
and gypsum lenses, 
A Dolomite, Shales. 
~t.r1 ea 
R Muth Late Devonian quartzfic sandstones. 
Quratzites 
Os 
Fig. 2.2- Lithostratigraphic description of Permo-Carboniferous sequences of the 'l'ethys 
Himalaya, Spiti region, after Bhargava (2008). Litho-log of corresponding litho-units is 
given. 
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2.4.1. Muth Formation: 
Muth Formation is one of the most prominent marker horizons traced throughout 
the north-western Himalaya from Kashmir to Nepal. In the Spiti region, this Formation is 
exposed in Takche. Mikkim. Muth. in Parahio sections and in Tidong Valley of Kinnaur 
region. Due to the striking and uniform appearance of this Formation it is most probably 
one of the least debated formations in the whole North-West Himalaya. Bhargava (1997) 
regarded only the pure white quartz-arenite as Muth Formation and delineated the Lipak 
Formation at the first appearance of carbonates. Draganits (2000) included the arenaceous 
dolomite incursion and pure white quartz-arenite lying above these incursions into the 
Muth Formation. 
Lithology: The Muth Formation comprises compact to friable white quartz-arenite with 
rare light gras shades and locally thin dolomitic sandstones and conglomeratic interbeds. 
Me quartz-arenite shows high textural as well as compositional maturity. The heavy 
mineral crop includes pink-purple zircon, brown tourmaline and haematite. The bedding 
features in this Formation are low angle truncation, subordinate low angle cross bedding, 
sub parallel low angle truncation, locally minor trough and festoon cross bedding, ripple 
marks, channel fills, sporadic herringbone cross-bedding, mud-cracks and interference 
ripple marks. Draganits et al. (2001) also reported finely laminated dune foreset tear 
shaped ridges due to ind erosion. Domal structures present in the quartzite beds in the 
Khar-Mikin area, have considered as siliciclastic stromatolites (Draganits and Noffke, 
2004). 
Age: Bhargava and Bassi (1988) reported Paleophycus Planolites Skolithos and 
arthropod track ways in the Muth Formation. Draganits et al. (2001) further reported 
Diplichnites gouldi, Diplododichnu bijiJrrnis, Palmichniwn antacrcticwn, Selenichnites 
species and Taenidium barrelli and compared this assemblage with similar ichnofossil 
assemblage of Early Devonian age known from Australia and Antarctica. Due to the 
presence of Tentaculites and Devonian corals in the basal part and Tournaisian (Lower 
carboniterous) conodont in the upper part of the conformably overlying Lipak Formation, 
middle to late Devonian age was proposed to the Muth Formation (Bhargava and 
Bassi. 1998). Discovery of Givetia conodonts (Draganits et al., 2002) in the basal part of 
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the LipakFormation points to a late Early-early Middle Devonian age for the Muth 
Formation. 
There is no unanimity regarding the environment of deposition of the Muth 
Formation. Dasgupta (1971) proposed that the upper part of the Muth sequence is of 
aeolian origin. Bhargava et al. (1991) suggested it may represent coastal sand mainly of 
beach type and foreshore deposit with possible aeolian and fluvial mixing. Shanker et al. 
(1993) regarded the Muth Formation to represent sedimentation on inner to mid shelf 
region during a transgressive phase. Draganits (2000) suggested a barrier island system 
for Muth Formation. The paleocurrent direction in the Muth Formation is poly-modal 
(Bhargava et al., 1991) dominant being in north-cast (Draganits, 2000) and north-west 
(Bhargava and Bassi, 1998). Heavy mineral suite comprises pink-purple zircon, brown 
tourmaline. and haematite. The heavy minerals and recycled quartz indicate a mixed 
low-grade metamorphic igneous and sedimentary provenance. 
2.4.2. Lipak Formation: 
Hayden (1908) introduced Lipak Series after very nice outcrops near Leo in the 
Lipak Valley, which is a side Valley of the lower Spiti River in northwest-Kinnaur. 
Srikantia (1981) retained the term Lipak and gave it a Formation status. 
Distribution: The Lipak Formation (about 1100 m thick sequence) is well exposed in 
the Lipak Valley of Spiti region. First appearance of a limestone band is taken to 
demarcate the Muth-Lipak contact. Since the carbonate bands are discontinuous the 
Muth-Lipak boundary may appear zigzag or in other words the contact between the Muth 
and Lipak Formations is intercalated. Garzanti etal. (1996) included "biocalearenites and 
coral patch reel's" of the basal Lipak Formation with the Muth Formation. Bhargava in 
(1997) tend to draw the boundary between underlying Muth and overlying Lipak 
Formation at the first occurrence of the carbonate in the upper levels of the Muth 
Formation. The boundary between the Muth and Lipak formations is drawn at the first 
appearance of obviously different sediments, namely dark carboniferous, argillaceous 
siltstone and shale (with plant fragments) inter-bedded with impure arenites typical of 
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Lipak Formation indicating a fundamental change in sedimentation from mature 
unfhssiliferous quartzarenites of Muth Formation. 
Lithology: In general Lipak Formation of the Kanawar Group that has a gradational 
contact ith the underlying late Devonian Muth quartzites is a conspicuous marker 
horizon in the Tethys Himalaya. It contains a dolomitic limestone-sandstone sequence in 
the lower part and a limestone-shale sequence in the upper part. Pink limestones 
associated with Gypsum lenses at places are reported from Zanskar, west of the Spiti 
region. I he black limestone is the most dominant lithology of this Formation. 
Sedimentary structures include low-angled discordance, ripple bedding and cross 
bedding. The Lipak Formation represents several shoaling cycles varying from low to 
high energ\ in a subtidal to intertidal sea and restricted platform environment as indicated 
by coral build-ups. Towards the terminal part the Lipak basin acquired beach to sabkha 
like condition when gypsum was precipitated. The paleocurrent direction, in the Takche 
section. varies between North-West and North-East (Bhargava and Bassi, 1998). 
Age: Due to the presence of rich fossil assemblages, the Lipak Formation was 
considered to range in age from Late Devonian to early Carboniferous age (Hayden. 
1904: Fuchs. 1982). Based on the rich Brachiopod fauna in the Lipak Formation in 
Zanskar region. Baud et al. (1984) assigned an early Carboniferous age. Whereas, 
Gaetani et al. (1986) dated limestone beds directly below the gypsum horizon as middle 
Tournaisian to early Visean age. 
2.4.3. Field studies: 
1. Kaza — Muth Section along Pin Valley 
The early Carboniferous basal Lipak Formation of the Kanawar Group that has a 
gradational contact with the underlying late Devonian Muth quartzites (Fig. 2.3b) is a 
conspicuous marker horizon in the Tethys Himalaya. In this section, Lipak Formation is 
very well preserved which occurs at the base of Permo-Carboniferous sequences. 
Association of alternate sequences of dark gray coloured limestone and buff coloured 
medium to coarse grained sandstones (Fig. 2.3a) makes it spectacular sedimentary 
succession identifiable from a distance; moving along a transect. the lithology grades 
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into limestone-shale sequence in the upper part of this section (Fig. 2.3c). The 
sandstones contain angular to sub rounded limestones and quartzite clasts. (Fig. 2.3d) 
implying short transportation and the clasts may have been derived from within the basin 
itself. Low-angic discordance ripple bedding and cross bedding sedimentary structures 
are depicted in the sandstones (Fig. 2.3e). Coral build-ups (Fig. 2.3f) have been depicted 
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Fig. 2.3-Field photos of Muth section along Pin valley. (a) panoramic view of the basal 
F.ipak Formation (b) Typical Muth-Lipak contact (c) View of limestone-shale sequence 
(d) Limestone clast in sandstone bed (e) Cross-bedding and laminations in the sandstone 
(f) Photo showing the coral build ups in a limestone bed. 
2. Takche—Lossar Section in Spiti Valley: 
In this section. particularly at Takche (%pest of Lossar village), a much thicker 
(-150m) sequence (upper part of the l.ipak Formation) is well exposed (Fig. 2.4a). This 
is characterized by fossiliferous storm deposited arenaceous limestones and subarkoses 
(Fig. 2.4b). At many places. the limestone beds have orange-brown coating on the 
weathered surface and show elephant skin weathering (Fig. 2.4c). 
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Fig. 2.4c 
Fig.2.4-Field photographs of Tackche Nalla section. (a) Panoramic view of Takche 
section (b) Photograph showing alternate arenaceous limestones and subarkoses (c) 
Photograph showing elephant skin weathering. 
2.4.4. Po Formation: 
The term "Po series" was named by I layden ( 1904) to a well developed rock 
sequence around Poh Village. Ilimachal Pradesh. Srikantia (1981) retained the term and 
gave it the Formational status and estimated its thickness about 1100 meters. The Po 
Formation is mainly developed in north-west and south-east corners of the Spiti Valley 
and is absent in eastern Kinnaur. Garzanti. et al. (1996) carried out the detailed 
investigations of this sequence in the Ganmachidam hill and Mandaksa sections and 
considered Po series of I layden (1904), Po Formation of Srikantia (1981) and E3agati 
(1990) as a Group on the basis of stratigraphical. sedmentological and petrographical 
observations. Ile divided the Po Group from bottom to top into four formations, namely 
Thabo Formation. Fenestella shales, Kabjima Quart-arenite and Chichong Formation. 
According to him, these units may be recognized and broadly correlated all along the 
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Tethys Himalaya from Kashmir (Middlemiss, 1910) to central Nepal (Garzanti et al., 
1994) and as far as southern Tibet (Garzanti et al., 1995) but the stratigraphers show 
disagreement with his view of ranking it into group level and is still found in the 
literature as Formation. 
Lithology: Po Formation is characterized by a thick alternating sequence of thick 
bedded whitish grey, yellowish brown, fine to coarse grained quartzites and sandstones 
with dark grey to black splintery shales and siltstones with local development of pebble 
beds. In general, Pu Formation consists of interbeded buff coloured sandstones and black 
fenestella-bearing pelites that were thoroughly investigated in the study area and shows 
conformable contact with underlying Lipak Formation and it gradually passes 
conformably upwards into the Ganmachidam Formation. Cross-bedding, parallel bedding 
and ripple marks are common sedimentary structures found in this formation. Ranga Rao 
et. al. (1984) considers it as a deposit of beach lagoon barrier bar complex. Palaeocurrent 
direction in the Po Formation measured in the Po and Lossar sections vary from North to 
South. 
Age: The Ichnofossil assemblage includes Asteriactes, Gyrochorle. Phycodes, Planolites, 
Rhizocorallium, Rusophy- cus and Skolithos are the characteristic fossils in the Po 
Formation, In Lossar section, few meters above the base Lepidodendropsis schurmani 
(known as scale trees) of Visean age is known (Ranga Rao et al., 1984). "f tic Po 
Formation is thus assigned a Lower to Middle Carboniferous age. 
2.4.5 Field studies: 
1- Lingti village section. 
The Po section is exposed along the road near the Lingti village (Fig. 2.5a). The lithology 
of the area is quartzite, sandstone. medium grained siltstone and interbedded shales which 
contain pebbles of varying size and composition. Clasts within the siltstones are varying 
in size, it may be confused with conglomerate or grit stone. The clasts are mainly 
composed of limestone and quartzite. The shale beds show colour variation from gray to 
black near the Lingti village (Fig. 2.5b). The sandstone beds contain parallel laminations, 
cross bedding, and micro scale ripple marks. The clast bearing siltstone contains 
prominent quartz veins (Fig. 2.5c). 
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Fig. 2.5-1 field photographs of Lingti village (a) General view of the Po l ormation (b) 
photograph showing colour variation with alternate sandstone-shale sequence (c) 
photograph showing prominent quartz veins. 
2. Tabbo village Section: 
it is considered a> uiie of the well exposed and best sections that provides 
information about Po Formation in the Spiti Valley. We have carried out sampling of Po 
~iiiCiii in this section along the roan a`t loo and 	',L 	:ii..-.- (T,. 1 . 	Tl, Kliriui 'vi„ct~~~ i i. 	vu 	„C 
thickness of the section varies from 500 to 1000m. This sequence is characterized by an 
a.lternati:;-,, sequence of this bedded whitish grey. yellowish brown. fine to coarse 
grained quartzites and sandstones with dark-grey to black splintery shales (Fig. 2.6b). the 
black shales host sillicious nodules (Fig. 2.6c).  
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I-1g. L6-I- icld photographs of I abbo village section (a) panoramic view of the Po 
Formation at Tabbo village. (h) photo showing alternate beds of sandstones and black 
shales (c) Siiiicious nodule within the shale bed. 
3. Kabzima walla section: 
This is a very difficult section in the Lossar area because of its approach and the 
IMIt 	IItiV , Of -,vracI III tti~ :v(IIU %.)trcam l). t tiffs scclfoII rcpres nt.~ UI~. u}.gtcr ~ a t cif tII 
Po Formation (Fig. 2.7a), which is characterized by an alternating sequence of' thick 
bedded whitish grey. yellowish  br`iwn fine to coarse grained quartzites and sandstones 
with dark-grey to black splintery shales (Fig. 2.7b) and siltstones with local development 
of pebble beds in its upper Hart (Fig, 2.7x) Within the shale beds, lenses of different sizes 
are found embedded (Fig. 2.7d) which are very hard and compact in nature. The shell 
fragments of Molltusc a. have also been found in this section (Fig 2.7e).  
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Fig. 2.7-Field photographs (a) General view of the Kabzima nalla section (b) photograph 
showing alternate sequence of Black shales and sandstones (c) photograph showing local 
development of pebble bedded siltstone (d) photograph showing lenses of different sizes 
found embedded within the black shales (e) Mollusca shells in quartzites. 
4. Savita Nalla section: 
In the Savita Nalla section alternate beds of quartzite and black shale can be seen 
from a distance (Fig. 2.8a). One of the shale beds in this section has been measured 100m 
thick from which we have carried out systematic sampling for geochemistry (Fig. 2.8b), 
Very hard and compact, oval to lenticular shaped nodules can be seen within the shale 
beds (Fig. 2.8c). 
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ig. 2.8-(a) Panoramic view of the No l~ormation at Savita nalla section (b) photograph of 
the black shale bed (c) iiica-bearing Phosphatic Nodule in black shales. 
1.4.6. ianmacnidam Formation: 
Srikantia (1981) proposed the term Ganmachidam Formation for a diamictite 
Jslll. iatcu abo Ve I'.7 F:,1 Iiiatio I. Later :,nn, cataI II It (al. 7,199'7) iI Itroduccu t fl. t7..7111 
'humik Formation to designate the conglomerate bearing beds overlying the Po 
oriiiation. 
Distribution: The Ganmachidam Formation is well exposed in Spill and Lingti 
/alle..s. The well developed section is exposed in a meadow near I osar village in Spill 
egion. In Zanskar it is well developed in the Tangzespure section on the right flank of 
urgiakh CI:U. According to Bhargava (2008) the Po Formation shows presence of 
poradic pebble beds in its upper part and then gradually passes into the overlying 
ial maciIivan, UI(LII'IICtiLes uiat cnicraIIV rC_1rt7.SCHr a glacivil djc ,osit ,c 	I  car". I crmilan 
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period. Poorly sorted pebble dominated conglomerate sequence of Ganmachidam 
Formation is interpreted as deposited during glacial facies. The Ganmachidam 
Formation is always observed above the Po Formation and nowhere it rests over any 
older Formation. Wherever the Pu Formation is absent the Ganmachidam Formation too 
is missing in those regions. 
Lithology: It is composed of pebble conglomerate, rnudstone. pebbly siltstone, pebbly 
sandstone, and pale gray to brown shale alterations. The pebble, matrix ratio varies 
considerably and all gradations exist between ortho-conglomerates and diamictite. Pebbly 
sandstones are greenish grey in colour and are poorly sorted. Polymictic conglomerate 
show loosely dispersed clasts of grey and green quartzite. vein quartz, grey limestone and 
dolomite in a mixed sandy and argillaceous matrix. These clasts generally range in size 
from a few mm to 2 cm, occasionally to 8 cm in diameter. The clast percentage increases 
higher up in the sequence. Current bedding and graded bedding is occasionally noticed in 
the quartzite. 
According to Garzanti, et al. (1996), Ganmachidam Formation can be subdivided 
in five litho zones from bottom to top, which include Basal Diamictite, composed of 
pebbly Conglomerate, sandstone, and subordinate mud rocks, overlain by brown Sub-
lithareanite made of gray brown rippled Sandstone. The third litho subunit called middle 
diamictite consists of siltstones commonly containing dropstones that are interbedded 
with rippled or slumped sandstone beds and matrix supported pebbly conglomerates. In 
the upper part, black shales and fossiliferous hybrid arenites occur. The lithic micro-
conglomerates display scoured base mantled by a pebble lag overlain by very coarse 
grained lithic sandstones and finer-grained burrowed sandstones and pebbles up to 5cm 
occur at [.ingti section. The fifth litho unit called upper diamictitc largely consists of gray 
brown siltstones with dropstones, Para-conglomerates and up to 0.5cm, thick channclized 
pebbly sandstone lenses are interbedded in it. 
Age: Ganmachidam Formation has been assigned a Lower Permian age by Hayden 
(1904) and Ranga Rao et al.. (1984). Singh et al. (1995) also assigned it a Permian age. 
Srikantia (1981) considered it to be of Upper Carboniferious age. The entire sequence of 
Ganmachidam Formation is unfossiliferous in spiti Valley. The age of this Formation is 
to be determined indirectly on the basses of underlying and overlying Formation. The 
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conformably underlying Po Formation is not younger than Middle Carboniferous whereas 
the overlying basal Gechang Formation of the Kuling Group has yielded early Permian 
brachiopod Eurydesma (Srikantia 1977). Therefore, the presence of Eurydesma of Early 
Permain age in the basal part of the overlying Gechang Formation demarcate its upper 
age limit ith in the early Permian to latest Carboniferous. The lower age limit can be 
determined as earl\ Late Carboniferous due to its conformable contact with 
underlying Po Formation of early to middle Carboniferous age. According to Bhargava 
(2008) the diamictite sequence in the western Himalaya seems to be a diachronous 
horizon in Kashmir Eurydesma that occurs in upper part of the conglomerate, whereas in 
Lahul. Spiti and Kinnaur regions, this index fossil occurs about 30 meters 
stratigraphically above the Ganmachidam Formation. The above discussion concludes 
that its age may range from late Carboniferous to early Permian. 
2.4.7. Field studies: 
1. Ganmachidam hill section at Lossar: 
The Po Formation grades into the overlying Ganmachidam diamictites that 
generally represent a glacial deposit of early Permian period (Fig. 2.9a). Poorly sorted 
pebble dominated conglomerate sequence of Ganmachidam Formation is interpreted as 
deposited during glacial facies. Sedimentological features such as very poor sorting and 
common occurrence of muddy, para-conglomerates with sporadic cold water oligotypic 
fauna document deposition largely under glacial influence in marine environments (Fig. 
2.9b). 
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Fig. 2.9-Field photographs of Ganmachidam Hill section. (a) Panoramic view of the 
Ganmachidam formation (b) Diamictite showing presence of calcarious clast. 
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2. Lingti village section in Spiti Valley: 
This section is exposed very well near Lingti nalla at Lingti village in the Spiti 
region (Fig. 2.iOa). The iithoiogy consists of sandstone, shale, medium grained siitstone 
which contains pebbles of varying size (Fig. 2.IOb). The clasts are composed of 
hlmcstuiie. quartz uiid e ert. The casts withiii the sntsti,iie ate auguiai- o► ►iaginciiied iii 
nature which reflects no transportation. Sandstone and clast bearing siltstone show 
,iuri.d colour 'v ar iation, from -vv'h itc. iliac n to rid it ~~,ii iii ; brie up ter the top (f ig. 2. 1 v%C \ . 
;r j7: 
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Fig. 2.1Oc 
Fig. 2.10-Field Photographs of typical Ganmachidam Formation at Lingti section. (a) 
Genral view of Lingti Nalla section (b) ('last bearing siltstone or conglomerate show 
marked colour variation (c) shale bed showing angular clasts_ 
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3. Tabbo —Kurith villages Section: 
This section is exposed along the road at Tabbo and Kurith villages (Fig. 2.1 la). 
This sequence is characterized by an alternating sequence of thick bedded coarse grained 
sandstones with dark-grey to black splintery shales and siltstones with development of 
pebbir beds In the sequence (Fib. 2.1 ib.c, d). 
Cong.  
Kurit- h- vd1a a e too n.   
Fig. 2.1 la 
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Fig. 2.1 1-Field photograph of the Ganmachidam formation at Kurith village. (a) General 
view of the Kurith section. (b,c,d) photographs showing the conglomeratic rocks at 
Kurith village. 
2.5. Kuling Group 
The Permian in I lirnachal Pradesh is represented by Kuling Group in the Spiti and 
Kinnaur region. Srikantia (1981) divided Kuling Formation into two members, the basal 
Gechang Member and the upper Gungri Member. Due to its different and distinct 
lithological units within the Kuling Formation and because of its proved mapability it 
was proposed to raise this sequence into group level. The Kuling Group is divisible into 
fossilif'erous Gechang (lower) and Gungri (upper) formations separated by a possible 
hiatus. 
2.5.1. Gechang Formation: 
Srikantia (1974, 1981) gave the name Gechang Formation after a village in the 
Parahio Valley for a sequence. which has been described by Hayden (1904) as calcarious 
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sandstone. The Formation is well exposed throughout Kinnaur-Spiti-Zanskar segments. 
Some of the good exposures are found in 1'aiahio. Pin and Lingti Valleys. its thickness 
ranges from 40-60 metres. The Gechang Formation together with the Ganmachidam 
Formation form steep slope and cannot be distinguished from each other from a distance 
in act iai photo. 
Lithology: In general the Gechang Formation consists of dominant sandstone with 
1 	l .w•.. ~.....a~ 	c ~...i, 	r~ 	d 	•. 1, 	h b 	 i i3Cu~ Iuin vanua UI Suui'.. 111C Sail SLOflC ii ~IU U tit gi y; i ~ro'v'vii, 1,aiC bIC:Cn iii Ctiiiiur 
with white tint. The sandstones show cross-bedding and ripple-marks at most of the 
places and often contain thin shale bands. There are several layers of grey needle like 
platy shale, gritty quartzite and quartzose sandstone within the lower part of the 
Formation and alternating lavers of calcareous sandstone and conglomerates. The tipper 
part of the Formation is mainly massive calcareous sandstone that often contains 
brachiopod and bivalve fauna. in Ganmachidam hill section, the fossils are abundant and r 
form a coquina bed. Brachiopods. particularly productids and spiriferids, are common in 
.sandy" shale in Luling Scc+tli,n fFig. 2.i2j. the Gechanb i;—rmaitjij has a sharp Ci,niac+ 
with the over iyiug (lu6gl i Formation. 
f:i 
xec ang m. at-KUBWE 
Fig. 2.12-Field photograph of the Gechang formation at the Kulling village. 
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Age: At the basal part of the Gechang Formation, the early Permian brachiopod 
(Eurydesma) and near the top of Gechang Formation the upper Permian coral reef 
(Waagenophvllum) have been reported by different authors. It has been interpreted to 
range in age from Asselian to Sakmarian. possibly may extend to early Artinskian (first 
of the three stages of the lower Permian period). 
2.5.2. Gungri Formation: 
Gungri Formation was named after the Gungri village near the Pin-Parahio 
convergence by Srikantia, (1974, 1981). This sequence was initially described as the 
Productus shale by Hayden (1904). This Formation (-- 80-100 meter thick) is well 
exposed throughout Kinnaur Spiti- Zanskar sections and is a marker horizon with 
variable thickness. Some of the best exposures are observed in Ganmachidam hill, 
Mandaksa. Lingti Valley (both hill and road sections), Parahio Valley and Kulling section 
of Pin Valley. 
Lithology: The Gungri Formation is mostly composed of black splintery shale and 
interbedded siltstone. "I'he siltstone is locally calcareous and micaceous, and alternates 
%\ ith non-calcareous black or steel grey shale, which at most of the places becomes 
arenaceous. highly fossiliferous and contains dark-grey nodules. The silty shale mostly 
occurs in the base of Gungri Formation where as the upper part contains the black shale. 
The transition zone from silty shale to black shale is characterised by the complex trace 
fossil Zooph}cos (Bhargava.. et a]. 1985). The cherty nodules, which are commonly 
present in the black shales are largely phosphatic and these nodules vary in shape and 
size, being mostly rounded, oval or elliptical, or rarely elongated and cylindrical (Fig. 
2.13). the size of these nodules varies from a few cnm to 1.5 meter. The uppermost 
member of the Gungri Formation was deposited in an offshore shelf environment and 
may have episodically disturbed by exceptional storm events (Garzanti et al., 1996). 
Age: Based on palynomorphs, Singh et al. (1995) assigned Lower and Upper Permian 
age to the Gechang and Gungri formations. respectively. 
52 
'a - 	~tJS• 	 .1 
. y' ,`'7` . . ?~ _ 	 .rte  -t 	'.,` . ` .. -•. 	~ = `  
. ~ \ 	,~ 	~~ ~~..j~~ ~\ ~~• `\i `  iii 
Gungri Fm. at Attargoo section 
Fig. 2.13- Field photograph of the Gungri Formation at Attargoo section in Lingti Valley. 
2.6. Lilang Suppergroup 
Amongst all the Palaeozoic and Mesozoic sequences, the Triassic is most 
complete and extensively developed in the Spiti region. It rests over the Permian Gungri 
Formation with minor break where a part of Dorashmian is missing. The thick carbonate 
sequence was first named as Lilang limestones by Stoliczka (1865) after the Lalung 
village in Spiti region. Hayden in (1904) examined in detail the Lower Triassic and 
tipper Triassic sequence of Spiti and named the sequence as the Triassic System. I layden 
in (1908) restored the Lilang term after falling in to disuse to denote those Triassic rocks. 
which lie above the Kulling system and bellow the Kiota system. Srikantia (1981) 
redesignated it as the Lilang Group on the basis of lithostratigraphic nomenclature and 
subdivided into live formations, which include "Mamba-Kurkur Formation, Ilanse 
Formation. Nimoloksa Formation, Alaror Formation and Simokhamda Formation. 
Bhargava (1987) recognized eight formations that could be mapped all over the Spiti 
Valley which include Mikin, Kaga, Chomule, Sanglung, Ilangrang, Alaror, Nunuluka 
and Kiota formations, which are traceable throughout the Spiti Valley. These Formations 
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cover an area of more than 5000 Km in the Spiti Valley and therefore considered as type 
locality for Triassic period, and very often referred as "Triassic of Spiti". However, these 
formations have not been delineated in Kinnaur, Lahaul and Zanskar sectors. While 
describing the Triassic sequences of the Spiti region, Garzanti et al. (1995) classified the 
Lilan, Group as Supergroup. 
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CHAPTER- III 
PETROGRAPHY 
3.1. Introduction: 
Petrography is the microscopic identification and interrelationship of mineral 
,rains in the fabric of a rock. Petrography mainly focuses on comprehensive description 
of sedimentary, igneous and metamorphic rocks. l'he mineral content and the textural 
relationships within the rocks with detailed description can even provide some 
important clues about the mechanism of petrogenessis. Detailed petrographic works is 
necessary step in classification and give support to the ongoing field investigations. 
requirement to geochemical and geochronological work and an essential component in 
making petrogenetic 	inferences. 	Even the analysis of microscopic fluid 
inclusions within mineral grains with a heating stage on a petrographic microscope 
provides cities to the temperature and pressure conditions existent during the mineral 
formation. 
Petrographic descriptions start with the field notes at the outcrop and include 
megascopic description of hand specimens and detailed descriptions of sampled 
horizons preceded by the petrographic and analytical stages. These steps have been 
deemed essential for the objectives, such as petrographic analysis that are frequently 
adopted as a powerful tool to get information on factors such as. the environment of 
deposition. source rock characteristics. post depositional effects such as compaction and 
diagenesis (Dickenson and Suzcek, 1979). Mineralogical components may also provide 
valuable insight into sediment provenance particularly where the distinct source 
litholoies are present (Bhatia and Crook, 1986: Roser and Korsch. 1986, Garzanti et al. 
2013). 1 lowwever the most important tool for the petrographic studies is the petrographic 
microscope. The detailed analysis of minerals by optical mineralogy in thin section and 
the micro-texture and structure are significant to understanding the origin of the rocks. 
Many studies have revealed that framework modes of terrigenous sandstones reveal 
provenance differences that depend upon plate tectonics. 
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Petrography of sandstones can be considered as the mirror image of their 
complete history because it provides first hand information about the framework 
mineralogy and different sedimentological features developed during transportation and 
compaction along with formational features developed during metamorphism or any 
other tectonic movements. Other controlling factors include prevailing climate, 
sediment transport process, depositional environment and diagenesis (Johnson. 1993). 
3.2. Methodology: 
Fresh representative rock samples of sandstones from the five representative 
formations of Kanawar and Kulling groups from Spiti region, Tethys Himalaya were 
collected and stored in plastic bags. Thin sections of 30 rock samples of sandstone from 
all the formations were prepared for petrographic analysis. the rock samples were 
trimmed into rectangular blocks and one side polished so that a smooth flat surface was 
obtained for adherence to glass specimen plates. Canada balsam was used for the purpose 
of adherence material. After the samples were glued to the glass specimen plates, the 
sample blocks were then trimmed and polished again until an even surface (0.3mm 
thickness) was obtained allowing maximum light distribution throughout the specimen 
plates. Petrographic study of these thin sections was then undertaken. The thin sections 
were examined to determine the variability of rock mineralogy and texture. All thin 
sections were point-counted to five - hundred (500) points per thin section using a 
standard transmitted-light petrographic microscope. Thin-section point counting model 
was used for quantitative compositional analysis, using the Gazzi—Dickinson point-
counting method (Dickinson, 1970). For each thin section counted mineralogy, 
roundness, and sorting were recorded. Observations were made regarding diagenetic 
features such as cementation, alteration, compaction, and dissolution. 
3.3. Framework grains: 
Quartz: It is the most abundant framework grain in sandstone that constitute on an 
average 75 % of rock volume. Quartz is a common constituent in rocks such as granite, 
gneiss, quartzite, schist and many clastic sedimentary rocks, which make up much of the 
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earth's crust. Quartz is also resistant to both physical and chemical attacks (Prothero and 
Schwab. 2003), therefore high overall abundance of quartz in sandstone is expected. The 
quartz grains exhibit uneven, undulose, undulatory and wavy extinction indicating 
distortion of their crystal lattice during tectonic deformation prior and post to 
deposition in sedimentary basin. Further stresses in sedimentary sequences are usually 
insufficient to produce this degree of deformation unless low grade metamorphism sets 
in. Undulatory extinction characterizes quartz derived from metamorphic source rocks 
while non undulatory extinction indicate volcanic rock sources or grains recycled 
from older sedimentaries (Basu, 1985). Quartz grains of metamorphic origin are 
generally polycrystalline in nature and may also show inclusions of minerals such as 
micas, tourmaline and rutile. Young (1976) has revealed that polycrystalline quartz can 
develop from monocrystalline quartz during metamorphism under the influence of 
increasing directed pressure and temperature. It has been also observed that non-
undulatory monocrystalline quartz may change progressively to undulatory quartz. 
Detrital grains derived from metamorphic rocks have sharp boundaries with separate sub 
units, each differing in extinction by a few degrees with respect to its neighbours. The 
undulatory monocrystalline quartz content tends to decrease in the fine sandstone 
fractions in samples of granitic and gneissic origin. Basu (1976) related it to their low 
mechanical and chemical stability however. Tortosa et al. (1991) pointed out that 
observation of' this character in line sandstones is very complicated. Monocrystalline 
quartz types are predominant in sandstones from granitic and gneissic sources, whereas 
polycrystalline quartz types constitute the main population of quartz grains in sandstones 
derived from coarse grained schists. quartzite and hornfelses (rortosa et al., 1991), the 
occurrences of both strained and nonstrained quartz suggest that quartz grains can be 
derived from the source areas comprising plutonic and/or metamorphic rocks (Young, 
1976). The relatively high proportion of strained monocrystallinc quartz and strained 
polycrystalline quartz with sutured contacts between crystals over other types of quartz 
grains, coupled with the generally low content of lithic fragments may suggest 
their derivation from mainly plutonic/metamorphic rocks. Presence of polycrystalline 
quartz grains with elongate crystals and straight intercrystalline boundaries may rule out 
contribution solely from metamorphic source rocks. 
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Feldspar: Feldspars are a major constituent of many types of sandstone and 
conglomerates. High feldspar content in sandstone carries comprehensive information 
and has specific implications about source area climate and topography. High feldspar 
content may provide information about absence of intense chemical weathering due to 
non suitable climatic conditions i.e. absence of humid tropical conditions. Low 
precipitation in an and setting or an arctic climate in which precipitation occurs as snow 
and ice rather than as rain may limit hydrolysis and produces feldspar-rich debris. Even 
warm and humid tropical climates that usually promote decomposition of feldspars to 
clays can be bypassed due to very high relief as fast-moving streams transport feldspar 
prior to its decomposition (Prothern and Schwab. 2003). The two principal feldspar 
families i.e. potash 	feldspar or alkali feldspars include sanidine, orthoclase and 
microcline and plagioclase feldspars include anorthite — albite series, having different 
abundance in sedimentary rocks. In petrographic studies, different varieties of feldspar 
having different chemical lineage are among the reliable indicators of provenances. 'I he 
potash feldspar is much more common in sandstones than the plagioclase because of the 
fact that K-feldspar has a greater chemical stability than plagioclase. More so K-
feldspars are much more common in continental basement rocks such as granites and 
gneisses, while as plagioclases are found in less abundant mafic—ultramafic suite, usually 
found in uplifted oceanic island-arc terrains, which have been rare source areas in 
sedimentary history (Tucker, 2001). Detrital feldspars from metamorphic sources 
are mostly microcline, while those from volcanic sources are generally sanidinc 
(Basu, 1976). Sanidine is a high-temperature alkali feldspar that has retained its high-
temperature structure because it cooled quickly. Microeline in detrital rocks also 
provides indication of unroofing of old shields or the cores of orogens (McLane, 1995). 
Detrital albite chiefly comes from low-grade regionally metamorphosed terrain. More 
Calcic plagioclase is abundant in basic igneous rocks and some high-grade metamorphic 
rock. The anorthite component of plagioclase is far less frequently encountered in 
continental source rocks than is the albite component. It is because of the commonness 
of intermediate and silicic rocks at the surface of the continents apart from the low 
stability 	of anorthite (Pettijohn 	et al., 	1987). In case of plagioclase feldspar 
compositional zoning occurs primarily in igneous rocks of intermediate composition and 
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their gneissic equivalents but rarely in granites or gabbros or their extrusive equivalents 
Mclane. 1995). Chemical alteration of feldspar typically involves replacement by clay 
minerals such as sericite (a variety of mica). kaolinite and illite. Incipient alteration gives 
the feldspars a dusty appearance specially in orthoclase, where complete replacement 
produces clay mineral pseudornorphs. feldspar alteration takes place at the site of 
weathering, transportation and at sediment water interphase during deposition. Feldspars 
are more abundant and best preserved in rocks derived from mechanical weathering, fast 
transportation on high angle slopes. deposition of sediment below wave base, in cold and 
arid climates. During diagenesis alteration by meteoric water, replacement of feldspar by 
calcite. corrosion of feldspar by iron oxides and carbonates are common, which can take 
place during burial and subsequent uplift (Tucker, 2001). 
Lithic Fragments: A variety of lithic clasts consist of igneous, sedimentary and 
metamorphic rocks may occur in sedimentary rocks and carry wealth of incite about their 
provenance. Metamorphic rock fragments are important contributors to many detrital 
t,, pes of sedimentary rocks. l'he fragments of coarse grained metamorphic rocks are 
often schistose if the mica flacks show preferential alignment resulting in a schistose 
texture and are sometimes classified as schistose quartz rather than metamorphic rock 
fragments. Sedimentary rock fragments like chert, siltstone, sandstone are relatively 
common in terrigenious sedimentary rocks if survives complete breakdown in to their 
component grains. Grains with more than one mineral units from igneous rocks are 
common in clastic sedimentary rocks. 
Coarse micas: Muscovite and biotite are derived primarily from metamorphic and 
igneous rocks. Muscovite is a common constituent of granites, pegmatites. aplites and 
rhvolite porphyries. Biotite occurs in pegmatite. granites, basic intrusives and volcanic 
rocks. Chlorites are typically sourced from metamorphic rocks (Boggs, 1992). Muscovite 
has greater abundance in sandstones as compared to biotite that may probably reflect its 
superior chemical stability and its abundance in metamorphic rocks. 
Heavy Minerals: 1-leavy minerals generally Corm <1% sandstone but they are 
important indicators of provenance. Certain heavy minerals such as garnet, epidote and 
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staurolite indicate a metamorphic source terrain, whereas rutile, apatite and 
tourmaline suggest igneous source rocks (Tucker. 2001). Some of the heavy minerals 
such as sphene and zircon observed in sandstone may give indication of granitic rocks. 
Diagenesis: Diagenesis is defined as all the physical and chemical changes that 
sediments undergo after initial deposition. Diagenetic processes that influence sandstones 
include compaction, grain alteration, precipitation of pore-filling cement, and dissolution 
of grain material or cement. These diagenetic processes can significantly modify the 
porosity and permeability of rock through the mechanical deformation of grains by 
compaction, the dissolution of detrital or authigenic materials, and/or precipitation of 
authigenic minerals. Sandstone diagenesis involves several complex chemical reactions 
between minerals and migrating pore fluids hence can inflict profound effect on 
geochemistry. Detrital mineralogy and fluid chemistry can influence the composition by 
precipitation and distribution of authigenic mineral phases on one hand and dissolution of 
minerals as well as cements on the other. The detrital mineralogy is largely controlled by 
provenance rock composition and depositional environment while the basinal fluid and 
fluids involved in diagenesis are influenced by depositional environment and sub-surface 
fluid flow system governed by thermal regime and basinal tectonics. The effect of fluid 
flow can impact on diagenetic processes starts with early burial and continues upto late 
compactional dewatering and fracturing stages (Surdam et al., 1989; Boles and Franks, 
1979). The spatial distribution of authigenic cements in sandstones is related to 
permeability and fluid flow (Lynch, 1996). Diagenetic alteration is widespread in 
permeable sandstones because the minerals in these rocks are exposed to more and varied 
pore water volumes (Lynch, 1996). Also, a heterogeneous distribution of authigenic 
minerals in sandstones is a result of changing preferential flow paths during burial due to 
diagenetic modification (Lynch, 1996). Quartz overgrowth is one of the most common 
types of silica cement that Indicate diagenesis. In quartz overgrowth silica cement is 
precipitated around the quartz grain in optical continuity so that the grain and cement 
extinguish together under crossed polarisers. In many cases the shape of the original grain 
is defined by a thin iron oxide and clay coating between the overgrowth and the grain 
termed as dust-line. However, a thicker clay rim around the quartz grain does not 
allow precipitation of a syntaxial overgrowth (Tucker, 2001). Silica cement has been 
frequently attributed to pressure dissolution. Pore solutions become enriched in silica 
which is then reprecipitated as overgrowths when supersaturation is achieved. 
Quartz overgrowths in sandstones without pressure dissolution effects may reflect 
significant upward migration of silica-rich solutions from more distant sites of pressure 
dissolution, or indicate another source of silica. Possible sources are dissolution of silica 
dust. biogenic silica and ground water. Silica dust could be derived from grain abrasion, 
especially if it is Aeolian sandstone. Dissolution of feldspars, amphiboles and pyroxenes 
as well as minerals transformations from montmorillonite to illite and feldspar to 
kaolinite would provide silica (Tucker, 2001). Carbonates, commonly the early 
precipitated cement in sandstone are another important type of cement. Calcite, common 
carbonate cement usually occurs in grain supported sandstones such as quartzarenites and 
litharenites. The presence of early precipitation of calcite generally stops later quartz 
overgrowth formation and feldspar alteration to clays but may result in total loss of 
porosity and permeability. In other sandstones, calcite is a later precipitate, postdating 
quartz overgrowths and authigenic kaolinite (Tucker, 2001). 
3.4. Petrography of Permo-Carboniferous Sandstones from the Spiti region 
3.4.1. Lipak Formation (Late Devonian to Early Carboniferous): 
The microscopic examination of sandstones From Lipak Formation of the Spiti 
region, revealed that The sandstones are medium to coarse grained, brown to buff 
coloured and are mainly composed of subangular to sub rounded and rounded mono and 
polycrystalline quartz, in varying amounts. The dominant framework grains are quartz 
(>75%), which are predominantly monocrystallinc with undulose extinctions. Minor 
amount of lithic fragments found are mostly of sedimentary origin, and composed 
primarily of shale, chert and carbonate fragments. Rock Fragments of recrystalized and 
stretched metamorphic rocks as polycrystalline quartz units are common (Fig. 3.IF). 
Such type of grains according to Scholle (1979), are generally derived from gneisses, 
quartzites etc. thus favoring a metamorphic complex as part of the provenances for 
these sediments. Subhedral zircon, tourmaline grains and opaques mainly iron oxide 
occurs as chief accessory minerals in the sandstones (Fig. 3.1 F). The quartz grains 
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Fig. 3.1-Photomicrographs showing texture and cementing properties of sandstone (A) 
Well rounded coarse grained with silica overgrowths and ferrugenised clay cement. (B) 
coarse to fine grained composed of rounded to sub rounded, to sub angular quartz with 
clay and silica cement. (C) Coarse grained, well sorted sandstone with carbonate cement 
(D) Moderately sorted sandstone having ferrugenised carbonate cement (E) Strained 
quartz showing Boehm Lamellaes, surrounded by clay rich siliceous matrix. (F) heavy 
minerals, zircon and tourmaline. (GH) Squeezed rock fragment changing to kaolinite 
cement in poorly sorted sandstone. (1) Poly and strained quartz grains showing intense 
compaction. 
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show preferred orientation (Fig. 3.1-A, C. D. F) which may indicate sedimentation in the 
shallok\ environment of deposition under the influence of current. Overall the moderate 
to poor sorting. roundness and low clay content suggests that the sandstone is texturally 
submature to mature. Quartz overgrowths are commonly noticed in the thin sections 
representing silica cementation along with carbonate cement are displayed by majority of 
the sandstones but in some thin sections the iron rich clay cements are also present (Fig. 
).1). The sandstone show high degree of compaction evidenced by high contact index, 
long and concavo-convex contacts. It is also evident from petrographic studies that rock 
fragments are changing to kaolinite, acting as pore lining and filling clay cement around 
the grains (Figs. 3.1G. H). 
3.4.2. Po Formation (Lower to Middle Carboniferous): 
The Po formation contains moderately to well sorted, sub-angular to sub-rounded 
framework quartz grains. The quartz grains in some of the thin sections sho floating 
contact and are matrix supported and mostly contain ferruginous carbonate with 
argillaceous impurity as cement (Fig. 3.2A). Some of the Quartz grains show long to 
point contact (Fig. 3.2B. C, 1-1). The silica overgrowths forms the primary cement. which 
at places have been replaced by iron oxide, the coarse framework grains seems to have 
angular boundaries and sharp edges. In some cases the quartz overgrowth seems to be 
very prominent (Fig. 3.2B. C) in sandstones with high compaction features. The basal 
part of sandstones of the Po formation show abundance of feldspar (both K-feldspar and 
Plagioclase) and rock fragments as compared to the to lower Lipak Formation (Fig.3.2 
B.D.E.F). This suggests rejuvenation of transporting agencies and or some climatic 
change. The rock fragments are most prominently meta-sedimentary in nature dominated 
b% chert. phyllite and siltstone fragments (Fig. 32C. F. H). Few lithic fragments 
suggestive of plutonic source are also found in this formation (Fig. 3.2 D. F. I). Zircon, 
tourmaline and iron oxide occurs as accessory minerals in the sandstones (Fig. 32H). 
According to the Grazanti et al. (1996) occurrence of' recycled quartz grains in this 
Formation is consistent with initial basin inversion and erosion of quartzose sedimentary 
sources. which has been concluded by him as the possibility of increased mineralogical 
stability presence of characteristic sub-arkose rocks in the lipak formation which 
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gradually pass upwards to exclusive quartzarenites in the Po Formation, this petrographic 
trend suggest tectonic rejuvenation rather tectonic quiescence. supported by climatic 
change from tropical humid to more cold conditions. coupled with generation of incipient 
rift basins around recycled orogen comprising piutonic basement and terrigenous 
supt- act ustak. 
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Fig. 3.2-Photomicrographs showing varieties of framework grains (A) Poorly sorted 
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matrix quartz with floating contact (B) Moderately sorted and well rounded quartz and 
Feldspar grain showing long contact (C) showing quartz overgrowth and Sedimentary 
fragment such as chart (I)) showing Lithic fragmat of granite rock (E) K-feldspar such 
microcline showing cross hatched twinning (F) a well rounded rock fragmat and 
Plagioclase grains (G and II) shows the Tourmaline as an acessary mineral (1) plutonic 
rock fragment showing equigranular texture. 
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3.4.3. GanmachidamFormation: (Late Carboniferous to Early Permian) 
The Ganmachidam Formation comprises pebble rich gritty sandstones. The size 
of embedded pebbles goes up to 3 cm in diameter. During petrographical examination 
sharp petrographic change with noticeable increase particularly in sedimentary rock 
fragments, feldspar grains, muscovite and biotite are observed as comparied to the lower 
Lipak and Po Formations respectively. The rock fragments are abundant (18%) and larger 
in size as compared to the Lipak and Po Formations. The rock fragments are most 
prominently micrite, chert, sandstone, shale, siltstone and fossils. The feldspars are more 
prominently seen up to (15%) in the Ganmachidam Formation. The framework quartz 
grains show angular to sub angular, sub-rounded to rounded outlines and are poorly 
sorted (Fig. 3.3 A,B,C), the most prominent feature of these sandstones is that they show 
extensive authigenic growth and the margins are corroded in a crystalline silt size matrix. 
These sandstone are matrix supported and may contain 30-40% of matrix composed or 
micrite. Ferroan calcite to silty quartzoze. It is evident from few thin sections that the 
early silica cement may have been largely replaced by late ferruginous and micritic 
cement (Fig. 3.3C F, G). The compositional and textural variation in space and time may 
largely controlled by changing climatic conditions of source area and depositional 
environment, as reflected by varying grain size, detrital feldspars and lithic grain content 
are typical of glacio-marinc environment (Fig. 3.3G, H, 1). 'fhe feldspar population and 
presence of varied rock fragments observed in thin sections indicate granitoid complex as 
major source with contributions from supracrustals comprising metasedimentary 
sequence. The presence of dolostones, micrite clasts, fine clastic rock fragments and chert 
suggest reworking of intrabasinal rocks. Some of the accessory minerals found in these 
sandstones include zircon, rutile and magnetite also indicating presence of granitods. 
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Fig. 3.3-Photomicrograph showing (A) Very coarse and fine grained quartz with 
angular to rounded texture and poor sorting (B) Chert grain and Iron rich cement (C) 
Well rounded coarse and angular fine grained quartz showing floating contact with iron 
rich matrix and poor sorting (D. E) displaying both metasedimentary and chert as rock 
fragments (F) Euhedral zircon as an accessory mineral and quratz grains surrounded by 
Iron and calcareous cement (G,l-I,l) showing fresh and unweathered plagioclase grains. 
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3.4.4. Gechang Formation: (Early Permian) 
Sandstones of Gechang formation are coarse to medium grained, moderately to 
weii sorted contains rounded to wcil rounded quartz grains. in few thin sections some 
large grains are also present. Some of the quartz grains show abraded overgrowths which 
riiay give iiid;catoiis of Flu y cyclic ul igioii. iiic quartz -iaiuN in all sections Shows iuug 
to sutured contact with high degree of sorting and compactness (Fig. 3.4A). The 
cementing materia l is ferruginous or..'  h seems to he partly replaced by secondary silica 
(Fig. 3.4C) Gechang formation contains very less abundance of feldspar but shows 
presence muscovite (Fig :.AC) and biotite (Fig. 3 AD) and some accessory minerals such 
as zircon and magnetite (Fig. 3.413). The rock fragments are abundant and are exclusively 
of sedimentary and meta-sedimentary type and may contain mostly mierite, shale and 
slates (Fig. '2 tA) 
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Fig. 3.4-Photomicrograph showing (A,F) Very coarse grained quartz with rounded to 
sub-rounded outline. Tong to sutured contact with higher degree of sorting and 
compactness (B) accessory minerals such as Zircon and magnetite (C.E) shows meta-
sedimentary rock fragment (slate) and muscovite (D) displaying meta-sedimentary rock 
fragments and biotite. 
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3.4.5. Gungri Formation: (tipper Permian) 
These sand stones are composed of medium to fine grained, well to moderately 
sorted subanuiar grains cemented largely with authigenic blocky calcareous cement and 
occasionally argillaceous matrix. In few sandstones having good compaction silica as thin 
overgrowths are also present. The sandstones with calcite cement invariably show 
replacement of framework grains and interstitial components. The possible bioclasts of 
echinoderms and brachiopods have been observed within these sandstones. The lithic 
clasts found in few thin sections are sedimentary rocks, such as lime clast. (Fig. 3.5A) 
shale and ; hyllites. The feldspars are scarce in this formation while few mica flakes and 
zircon (Fig,. 3.5 B,C.D) are present in some thin sections. 
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Fig. 3.5-Photomicrograph showing (A) blocky calcite cement and minor corrosion 
(B) plagioclase grain and few mica flakes are observed set in argillaceous matrix. (C) 
metasedimentary rock fragment (slate), mica flakes and iron cement (D) Well compacted 
quartz with metasedimentary rock fragments, chert and accessory zircon mineral. 
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Point counts of between 500 and 600 grains (Table-3.l) were performed on all the 
sandstones belonging to the above described formations of Kanawar Group of the Tethys 
Himalayas and have been plotted on different discriminatory diagrams which are 
described and discussed in next chapter. By careful examination of thin sections of the 
sandstones, it is observed that the finer grains are angular and coarse ones are rounded to 
sub rounded with sharp angular outlines, hich may imply high energy environment of 
their deposition. Relatively lesser amounts of lithic fragments and feldspar than quartz 
characterize these sandstones. Sub-rounded to rounded zircon occurs as common heavy 
minerals. Other heavy minerals found in thin sections include tourmaline, rutile and iron 
oxides muscovite and biotite. Matrix in some of the sandstones forms the major 
constituent as cementing material. The most prominent cementing material is calcite with 
subordinate amount of clay, iron oxides and silica. Petrographic evidence such as 
heterogeneous roundness for different grains (coarser ones are rounded and finer ones are 
angular) implies the importance of mechanical effects for grain shape configuration. 
Coarse-grained feldspars are related to a low degree of chemical weathering and 
transportation. Moreover, the rounded quartz overgrowths indicate recycling. which. in 
turn, can modify the compositional data towards the quartz-rich sandstones. Therefore, 
the petrographic evidence suggests that the compositional maturity of these sandstones 
may be due to recycling although the exercise in point counting showed how difficult it is 
to accomplish and provide unbiased data. Although not all of the observed point count 
data from this study correlate the variability of each study by different observers is 
e,,ident. This is not to say that either interpretation is right or wrong, but that different 
workers see things in different views. The Gazzi-Dickinson method is without question 
one of the better methods with which to analyze clastic whole rock compositions. and 
hopefully. % hen coupled with reliable geochemieal discriminators, will provide 
dependable and accurate interpretations. 
Table-3.1 Framework composition of the Permo-Carboniferous. sandstones of Kanawar Group. 
Spiti area, Tethvs Himalaya, Himachal Pradesh. 
Sample- ID Q F 	IL Sum 
Ganmachidam Fm. 
GLN-1 82.8125 3.90625 	13.28125 100 
GLN-3 86.40483 4.531722 	9.063444 100 
GLN-5 81.15942 13.04348 	5.797101 100 
GLN-9 69.89247 3.360215 	26.74731 100 
LNT-1 73.00275 1.652893 	25.34435 100 
LNT-2 86.30137 1.369863 12.32877 100 
LNT-3 78.41191 0.744417 20.84367 100 
LNT-4 88.25967 0.138122 i 11.60221 100 
LNT-5 85.5 0.5 	14 100 
LNT-6 70.94017 2.991453 	26.06838 100 
LGP-4 70.57221 6.811989 	22.6158 100 
Po Fm. 
LSP-1 90.27027 8.648649 	1.081081 100 
LSP-6 87.36462 4.693141 ! 7.942238 100 
LSP-8 87.47592 5.780347 	6.743738 100 
LSP-14 88.96552 6.896552 	4.137931 100 
TBP-1 94.96403 0.28777 	4.748201 100 
TBP-4 93.28358 2.052239 	4.664179 100 
TBP-6 86.58009 4.329004 	9.090909 100 
TBP-7 84.13462 1.762821 	14.10256 100 
TBP-7A 93.33333 0.37037 	6.296296 100 
TBP-10 95.38462 0.307692 4.307692 100 
KBZ-1 98.73217 0.158479 	1.10935 100 
GRP-10 96.21622 0.27027 	3.513514 100 
Lipak Fm. 
MLP-3 88.94737 	10.52632 	0.526316 100 
MLP-3A 91.79688 	4.882813 	3.320313 100 
MO-1 91,46919 	8.530806 0 100 
MO-IA 97.65013 	1.56658 	0.78329 100 
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CHAPTER -IV 
GEOCHEMISTRY 
4.1. INTRODUCTION: 
Three main types of information can be obtained by investigating the 
composition of sedimentary rocks. I he first type includes the knowledge of source rocks: 
in this context, chemical and mineralogical data are useful to obtain information on the 
primary character of original rocks. The second type of information concerns the 
sedimentary environment: this concerns hydrodynamic conditions of the sedimentary 
environment, the oxidation-reduction states of the sedimentary basins and or the state of 
atmosphere during the time of sedimentation. Here relationships between minerals and in 
some cases newly formed cement and information on the preservation of the organic 
matter is important. The third type of information reflects post-sedimentary 
transformations of the rock: such process include diagenesis and metamorphism. In fact 
when chemical, structural and isotopic composition of minerals, organic matter, and 
whole rock is determined. estimations of the conditions of transformation processes can 
be realized. In addition to this. sedimentary geochemistry can also be used to identify 
geochemical signatures recorded in sediments over time (Wronkiewicz and Condie. 1987; 
McLennan and Taylor, 1991; Dinelli et al., 1999), and to recognize specific sedimentary 
processes, such as hydraulic sorting, sediment recycling, and source mixing (McLennan et 
al.. 1993. 2006). Taylor and McLennan (1981) noted that elements with low solubility and 
mobility preserve a stronger record of the source rock composition than elements that are 
rcadil soluble. Because trace elements, such as rare earth elements (REP,) and selected 
high field strength elements (HFSF), are considered relatively immobile and are thought 
to not fractionate appreciably during weathering (Taylor and McLennan, 1985). The 
chemical composition of clastic materials has continually been relied on to determine bulk 
provenance composition (Hasa et al., 1982; Fralick and Kromberg, 1997; Roddaz et al.. 
2006: Fuenlabrada et al.. 2010; Hussain et al.. 2010). Condie et al. (2001) used 
geochemical and Nd isotopic analyses to understand provenance and paleogeography. 
Provenance, transport, weathering, and depositional setting of sediments can also be 
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obtained from sedimentary geochemistry Bhatia (1983), Roser and Korch (I 986) Cullers 
et al. (1988) Nesbitt and Young (1989), Basu et al.(1990). McLennan et al. (1993). 
Fralick and Kromberg, (1997), Hurowitz and McLennan (2005), Roddaz et al.(2006). 
Ryan and Williams (2007) Fuenlabrada et al.(2010). Hossain et al.(2010). Sediment 
geochemistry also provides a complementary analysis to petrographic methods 
(McLennan et al.. 1993: Von Eynatten.et al. 2003: Weltje and von Eynaiten, 2004: 
Garzanti et al., 2013). 
The chemical composition of a rock is divided mainly in three general groups 
such as major, minor and trace elements. This division is essentially related to abundance 
where a major element is >1.0 weight percent of the rock or mineral and a minor element 
contains 0.1-1.0 weight percent (<1000 ppm). According to Hanson and Langmuir 
(1978), a trace element is an element whose concentration is such that there is no 
stoichiometric constrains on its abundance in both minerals and liquids, rather a trace 
element in an ideal solution follows Henry's law. An essential structural constituent 
(ESC) is an element which totally fills a site in any mineral in the system. for example Zr 
is the ESC in Zircon but a trace element in clinopyroxene. An intermediate element lies 
between these two end members. 
4.1.1. Element mobility: 
Mobility or immobility of an element depends on its tendency' to he transported 
significantly in the fluid phase during weathering and metamorphism. Mobile elements 
include Na. K. Ca, Ba. Rb and Sr whereas immobile elements are Fe, Ni, Cr. V. Ti, P. Zr. 
Y. Nb and rare earth elements. Though Zr is usually considered to be immobile. the 
studies by Rubin et al. (1993) indicate that Zr can be mobile in hydrothermal systems 
developed in a broad range of geochemical environments. In general mobile elements are 
not particularly useful for petrogenesis and discrimination purposes. although they are 
still commonly used in some discrimination diagrams. So the elements must be carefully 
selected for the interpretation of geochemical data. because it is very important that the 
elements used as geochemical discriminants must be able to characterise the composition 
of the parental magma source. Further Wood et al. (1979) have used the term 
-hygromagmatophile" (HYG) for those elements with bulk distribution coefficients (D) 
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less than one. These can be subdivided into more-IIYG" for those elements with D< 
0.0l (Cs. Rb. K. U, Th. Ta. Nb, Ba, La. Ce. Zr. Hf) and "less-HYG" for those elements 
with 1) X0.1 ((Zr, Fit) Sr. P. Ti Y and heavy REE. Saunders et al. (1980) have proposed a 
slightl,, modified subdivision of the above classification based on the ionic character of 
the trace elements. According to their division, incompatible or hygromamatophile 
elements (1) <1) ma,. be divided into two main groups depending on the radius/ charge 
ratio of their ionic state. 
A) 
 
High field strength (HFS) elements. 
11t-S elements are defined as having a radius / charge ratio of less than 0.2, include Zr. Hf, 
l i. P. and Ta. 
B) Low field strength (LFS) elements 
IFS elements are defined as having a radius/charge ratio of'over 0.2; include Cs, Rb. K. 
13a. Sr. rh. and U. 'l he LFS elements (plus l.a and Ce) equate with the LIL elements as 
originally defined by Schilling (1973). However, Saunder et al. (1980) stated that these 
divisions should be regarded as a considerable over-simplification of the situation found 
in magmatic systems. although in high grade metamorphic terrains, elements such as K. 
Rh and Ba would generally be selectively removed from the metamorphic assemblages. 
"l herel.ire it is clear that the elements that we use in any interpretation should be 
immobile or non labile. Very few trace elements fulfil all these requirements: Ti. P. Zr, 
Nb. Y and the REEs are the most often used examples. 
To gain considerable insight into the relationships between sedimentary rocks and 
average upper crustal compositions. Whitfield and co-workers (1979) have examined the 
partitioning of elements between upper crustal rocks and natural waters during 
weathering and erosion of surficial rocks to form sediments which can be used to 
understand rock weathering, sea water compositions and the influence of compositional 
fluctuations of input on ocean water chemistry. The mechanical sorting of clastic particles 
during sedimentary transport is governed by certain laws of fluid flow. The critical 
properties of a particle are specific gravity, size and shape (Friedman et al., 1978: 
Bagnold. 1966). The element behaviour in the sedimentary systems can be examined by 
sea water- upper crust partition coefficient and residence time. Elements with very high 
sea \\ater- upper crust partition coefficient and residence time including most alkali and 
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alkaline earth elements, B and U are strongly partitioned into natural waters and remain 
for a long period of time. Accordingly such elements are not likely to reflect crustal 
abundances in fine grained terrigenous clastic sedimentary rocks in any simple fashion. 
On the other hand. elements with very low sea water- upper crust partition coefficient 
and residence time including Ti- group (Ti, Zr, Flf), Al-group (Al, Ga), REE ( including 
Y. Sc), Th, Nb. Sn, Be are strongly excluded from natural waters and remain in oceans 
for times less than average oceanic mixing times. Consequently. it is likely that these 
elements are transferred almost quantitatively into clastic sedimentary rocks and hence 
give the best information regarding the source (Taylor and McLennan. 1985). 
4.1.2. Element compatibility: 
The behaviour of the trace elements during the evolution of magmas can he 
considered in terms of their partitioning between crystalline and liquid phases. expressed 
as the bulk partition coefficient (D). Trace elements with D< I are incompatible and are 
preferentially concentrated in the liquid phase during melting and crystallization (e.g.. K. 
Rb, Sr. Ba, Zr. Th). Trace elements with D> I are compatible and are preferentially 
concentrated in the residual solids during partial melting and extracted in the 
crystallization solids during fractional crystallization. 
4.2. Analytical Methods 
fresh samples of different rock types such as Limestones. sandstones (including 
diamictites) and black shales of Permo-Carboniferious period from the formations of' 
Kanawar and Kuling groups were collected in the field. Because of the extensive road 
cutting and good exposures in the area. it was possible to collect fresh samples. "l'he 
samples were collected from the central parts of the exposure. as it is likely that this part 
would represent the true chemical composition. with minimum possibilities of 
contamination. Weathered surfaces were trenched about 10-15 cm into the rock face and 
about 5-10cm thick slabs and chips were taken as samples. The fresh samples were put 
into the polythene bags and placed into zip lock bags marked with sample number and 
location and transported to the Laboratory. After careful examination of the rock samples. 
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fresh samples were selected for chemical analysis. Unweathered rocks were reduced to 
small chips. these pieces were then crushed in a stainless steel mortar to produce 
fragmentary pieces which were usually several millimeters in size. This crush was then 
powdered by the pulverizer in the Department of Geology, Aligarh, Muslim, University, 
Aligarh. to obtain fine poktder up to -200 mesh size. 
4.2.1 Preparation of Pellets: 
The quickest and simplest method for the preparation of pellets f'or x-ray 
fluorescent spectrometer tXRF) is to press the powders directly into pellets of equal 
densit%. Alter weighing 6 grams of powdered sample, two to three drops of epoxy resin 
(polyp in) I alcohol) was added to the mixture so as to act as a binder. Following points 
were taken into consideration before using the binding material. The binder must be free 
from significant contaminant elements and must have low absorption. It must also be 
stable under vacuum and irradiation conditions and it must not introduce significant inter 
element interferences. The powder and the binding agent were gently grinded with the 
help of an agate ball mill and pestle so that mixture will be thoroughly mixed. This 
homogenized material was pressed in a hydraulic press to produce a circular 40 mm disk 
marked with the representative sample number, \\hich was utilized for chemical analysis 
for major element oxides by XRF (Siemens SRS3000 sequential X-ray Spectrometer) at 
the \Nadia Institute of I Iimalayan Geology (WII IG), Dehradun. India. Both International 
(GSR-4. GSR-5 for sandstones, SCO-1 and SCO- l0 for shales/slates and JLS-1 for 
limestones) and National or internal standards were used for calibration during the 
analyses. Major elemental analyses of the samples were carried out using XRF at the 
\\ adia Institute. The precision and accuracy of the data is well within the international 
standards and is better than the 5-10% for trace elements and 5% for major oxides. 
4.2.2. Preparation of `B' solution: 
Open acid digestion procedure was adopted during the preparation of rock 
solution at the National Geophysical Research Institute (NGRI), Hyderabad, India. 0.05 g 
of each po\\dered sample \sere weighted with electronic weighting machine and poured 
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into marked 60 ml Teflon beakers. 10 ml acid mixture [1:3:7 ratio of perchloric acid 
(HCIO4) t- nitric acid (HNO3) and hydrofluoric acid (f-IF)] was added to each beaker. 
Samples were swirled until completely moist. Now each beaker is covered with lid and 
allowed them for overnight digestion. The following dad-, the beakers were heated on a 
hot plate at 150 "C. After one hour. the lids are removed from each beaker and left them 
as usual on the hot plate for evaporation to incipient dryness. 5 ml of same acid mixture 
was again added to the Teflon beakers and dried until crystalline paste is resulted. The 
precipitate was then dissolved by adding 20 ml of I: I HNO3 and warm water (- 70"C) to 
each beaker and kept on a hot plate for 10 minutes. 5 ml of I ppm 103Rh solution (internal 
standard) was added to each beaker and finally the volume was made up to 250 ml with 
DDN (double distilled water). The prepared solution 'B' is stored in the separate 100ml 
fresh polypropylene plastic bottles. 
4.2.3. Loss on Ignition (LOI) determination Method: 
LOI refers to the mass loss of a combustion residue whenever it is heated in an 
air or oxygen atmosphere to high temperatures. Following steps were followed to 
determine the LOI of samples. Step I: the weight of the empty nickel crucible was noted. 
Step 2: 2 g of sample powder was then poured into the nickel crucible and weighted. Step 
3: samples were kept in the desiccator for the purpose of transportation. Step 4: Samples 
were then kept in the oven at a temperature of 900°C for about 30 minutes. Step 5: The 
crucible was then weighted after removing from the oven and cooled by putting in the 
desiccator. The difference between the two values of the sample provides the loss on 
ignition. 
4.3. Major element Geochemistry of Sandstones 
The major elemental concentrations and their ratios of the sandstones of present 
study are given in Table 4.1, whereas Table 4.2 displays correlations among the major 
elements. The major elemental concentration of these sandstones show higher SiO2 
contents (up to 96 wt%) because of the presence of greater amount of quartz in the 
sandstones. but all other oxides are significantly depleted when compared with the upper 
continental crustal (UCC) abundances (Fig. 4. 1). 
76 
A1203 TiO7 Fc,03 MgO N1n0 CaO Na20 K7O P205 
o(H) 1 
S1O2 
aid Z 
7 -7q  
Fig. 4. I-UCC-normalized major element patterns of the Permo-Carboniferous sandstones 
from the Spiti region. Tethys Himalaya. (UCC values after Mci.ennan. 2001). Depletion 
of all the major elements of the sandstones with respect to UCC can be noticed. 
The noticeable exception and enrichment of CaO contents (1.4-2 times) and 
corresponding high abundances in MgO (1.5 times) compared to UCC, displayed in some 
of the sandstones, may be attributed to the carbonate (dolomite) cement in these samples, 
implying that CaO is incorporated in to the calcite or dolomite rather than plagioclase. A 
very important and striking feature. which will be discussed latter in the discussion, is the 
spread displayed in the samples (or lines) depicting remarkable variation in the degree of 
depletion of variation in elements relative to UCC. This spatial and temporal variation 
observed in the sandstones in turn may well be correlated with deferential weathering 
conditions in the provenance, which ultimately is related to the climate change. Although 
alkalis and alkaline earth elements (Na2O.K2O,CaO) are more depleted than other major 
elements in these sandstones, Na,O shows greater depletion relative to K2O, (K2O/ 
Na2O>> I). which are also consistent with the petrographical observations according to 
which K-feldspar dominates over plagioclase feldspar. "l he SiO, / Al,U; and Na2O/K2O 
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ratios of the sandstones are >5 and 0.07-1.9, respectively, which are typical for 
sublitharenite, subarkose and quartz arenites according to Pettijohn et al. (1972). The 
ilmenite noticed in some of the sandstones appears to be responsible for increasing trend 
of chiefly TiO2 and their corresponding Fe203 and MgO contents exhibited in the UCC-
normalized diagram (Fig. 4.1). The unusually low concentration of P-,O< (0.002-0.17%). 
in these sandstones seems to have resulted either inheritantly low concentration of 
phosphatic phases of the source rocks or complete dissolutions and mobilization during 
its journey to the basin. 
The sandstone sample data (Table-4.2) shows variable degrees of negative 
correlation for SiO2 vs. A1203 (r=-0.84), Ti02 (r=-0.8). Fe,O3 '(r=-0.7), MgO (r=-0.8). 
Na2O (r=-0.8), K,O(r=-0.8), MnO (r=-0.8), clearly reflecting a decrease in unstable 
components (e.g. feldspars and rock fragments) with an increase in mineralogical 
maturity. Further it can be noticed from the Harker's binary plots, (Fig. 4.2) that some of 
the samples have less concentration of Si02 values (such as GLN-5. GLN-9 and LSP-13) 
and plot separately in the diagram. Relative enrichment in the MgO, Fe,03, AI2O~, in 
addition to low Si02 values of these samples can be attributed to the presence of malic 
aluminum silicate mineral (biotite) in the rocks. The scattering in CaO vs. SiO2 (r=-0.34) 
diagram suggests that Ca is probably housed in more than one mineral. 
Table- 4.2. Correlation matrix for Kanawar Group sandstones from the Spiti region, 
Tethys Himalaya. 
Si07 A1103 	Ti02 Fe,03 ,l1g() :I1nO CaO Na20 K2O P,O5 
Si02 I 
A1,03 , -0.84 1 
TiO2 -0.8 j 	0.89 1 
Fe,03 -0.7 0.74 	0.60 1 
MgO -0.8 0.76 	0.65 0.78 1 
MnO -0.8 0.42 0.48 0.29 0.46 I 
CaO -0.7 0.22 0.34 0.07 0.24 0.91 1 
Na-,O -0.8 0.75 0.65 0.84 0.89 0.40 0.21 1 
K20 	-0.8 0.94 0.89 0.60 0.78 0.46 0.28 0.74 -1 
P205 	-0.48 0.56 0.59 0.38 0.47 0.19 0.13 0.40 0.62 1 
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Fig. 42-Harker variation diagrams for Vermo-Carbonilerious sandstones from Spiti 
region, Tethys Himalaya. The higher Si02 concentrations reflect an increased 
mineralogical maturity of these sandstones. 
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4.4. Major element Geochemistry of Black Shales 
Major element concentrations of black shales are provided in Table 4.1 along with 
some significant ratios. The Si02 concentration of black shales ranges from 39--66 wt. %. 
which reflects ma Vie to felsic compositions. A1203 concentration varies from 10 to 20 
wt.%, and Fe,O i` contents varies from 3.4 to 3.14 wt %, which reveal the presence of a 
mixed clay assemblage and detrital phases in the shales. CaO and MgO values vary from 
0.58 to 14 wt. % and 2 to 7 wt.%. respectively. The higher abundance of CaO and MgO 
in the lower Lipak Formation may indicate control of associated dolomitic limestones or 
may be due to the presence of organic rich sediments, which are considered as major 
sources for Mg and Ca. When compared with PAAS (Post Archean Australian average 
Shale), three distinct patterns can be observed for the Spiti shales (Fig. 4.3). Lipak 
Formation has low MnO, Na2O, P05, and high contents of MgO. CaO and K20, whereas 
Si02, Ah0; and TiO2 are more or less similar to PAAS values. Enrichment of MgO, CaO 
values with respect to PAAS further substantiate the above inference, which may be 
attributed to the contribution of these elements from the marine fauna. Some of the 
samples of Po Formation contain lower content of AI20i, Ti02, Fez03, MnO. CaO and 
higher K20 as compared to PAAS; depletion of these elements may be attributed to the 
influence of degree of chemical weathering of the source rocks. Ganmachidam samples 
contain lower amount of A1203. T102, MnO and P,O. and higher values of MgO and CaO 
while other oxides remain more or less equal to PAAS. These characteristics indicate 
mineralogical control of the elemental abundances. Presence of malic mineral (blotite) 
may have caused increase in MgO values whereas enrichment of Ca is an explicit 
indication of presence of limestone clast in these sediments. 
so 
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Fig. 4.3-PAAS- normalized major element patterns of the Spiti black shales (PAAS 
values after Taylor and McLennan, 1985). 
Observed correlations among different major elements (Table 4.3) in the Spiti 
shales need proper explanation. The significant positive correlation between TiO2 and 
Al2O; (r 	0.89) suggest that Ti is essentially associated with clays and reflecting its 
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terrigenous origin, because TiO, is usually disseminated within the clays as discrete 
minerals, e.g. rutile and anatase (Wintsch, et al., 1994). Strong negative correlation 
observed between CaO and Al203 (-0.7) may demonstrate that mainly Ca is of marine 
origin and is not influenced significantly by a detrital source (e.g. feldspars). CaO may 
be used as marine indicator because. marine shales often have considerably more 
calcium than non-marine ones (Refaat. 1993). A strong positive correlation between 
CaO and LO! (r2=0.75) supports the assumption that CaO is largely derived from 
carbonates (Von Eynatten et al.. 2003). Na2O shows negative correlation with SiO,. 
A1203, and CaO (Table 4.3) indicating that Na is not related with any of these oxides; but 
the presence of Na2O in the rocks may be in the form of water soluble salts (mainly 
halite). According to Cox et al.. (1995) major element composition of shales is controlled 
mainly by clay minerals rather than the non-clay silicate phases. In this respect 
K2O/A1203 ratio suggests how much alkali feldspar against plagioclase and clay minerals 
may have been associated in the original shales. In order from high to low values. the 
K20/Al203 ratio of minerals are represented by alkali feldspars (0.4 — 1). illite (0.3). other 
clay minerals (nearly 0) (Cox et al., 1995). Shales with K2O/AI'03 greater than 0.5 
suggest a significant quantity of alkali feldspar relative to other minerals in the original 
shale whereas those with K2O/A1203 less than 0.4 suggest minimal alkali feldspar in the 
original shale (Cox et al.. 1995). The black shales of the Kanawar Group have an average 
K20/A1,O3 = 0.25 (range = 0.13 — 0.52). suggesting minimal involvement of alkali 
feldspar relative to other minerals in the original shale and strongly support the fact that 
K20 addition to the shales has not taken place. This in turn also indicates the loss of K 
during transportation of the sediments to the basin or may have remobilized during 
Tertiary Himalayan orogeny after their deposition. 
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I able- 43. Correlation matrix for the black shales of the Spiti region, Himachal Pradesh. 
Si Oz A120; TiO, 	Fe20, MgO MnO Ca0 .Na,O K/) PiOH  
A1203 -0.4 
HO1 -0.52  0.89 
Fe,03 -0.33. 	0.49 0.45 1 
MgO -0.75 -0.02 0.23 DF 1 
MW 0.03 -0.26 -0.26 0.1 0 1 
CaO -0.3 -0.7 -0.5 -0.4 0.45 0.21 1 
Na,O -0.06 0.19 0.36 0.58 0.11 0.02 -0.26 1 
r K,O -0.66 0.78 0.7 0.299 0.30 -0.35 -0.36 0.02 fl 1 
P,Os 02 -0,5 	-0.59 -0.3 -0.27 0.13 0.46 	-0.21 	-1  l 
4.5. Trace element Geochemistry of Sandstones 
Following the trend of depletion in the major elements similar trend of depletion 
in the truce elements, is exhibited with some exceptions by the sandstones in the UCC 
normalized spider diagram (Fig. 4.4). Enrichment of Zr and 1-If concentration in some of 
the samples relative to UCC is observed (Fig. 4.4) with Zr/Hf ratios ranging from 31-36 
(mean=34), which are nearly identical to those reported by Murali et al. (1983) from the 
analysis of Zr crystals (Zr/HF39). suggesting zircon enrichment in these samples. 
Although most of the transitional elements such as Sc, V, Cr, Cu, Ni and Zn show 
depletion when compared to UCC (Fig. 4.4), suggesting depletion of matte Minerals. Co 
reveals significant enrichment and does not correlate with any major element and thus its 
enrichment in the samples may be explained as secondary enrichment during weathering 
and transportation. Marked depletion in the U when compared to the UCC forms the most 
spectacular feature of this diagram (Fig. 4.4). This severe depletion of U in the sandstone 
samples relative to Th resulted into anomalously high Th/U ratios (>1000) which may be 
explained in relation to the provenance (high felsic crustal components) or climatic 
conditions of depositions of these sediments, although the higher ThIU ratios than the 
UCC values are interpreted as the products of advanced weathering (McLennan et al., 
1993). Uranium occurs in two valency states and is generally mobile if it is in U (VI) and 
may be lost during transportation leading into the depletion of this element. This may he 
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including feldspars, serisites and carbonates. 
100 
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one of the convincing arguments which can explain the significant loss of U in the 
sandstones, this in turn indicates the oxidizing environments that would be prevailing 
during deposition of these sandstones. Rubidium and barium concentrations among large 
ion iithophiie elements (LILE) are comparable with the UCC values, with a slight 
depletion in some of the samples. whereas Cs concentrations (5.1 to 61.3ppm) display a 
significant positive anomaly between 2 and 10 tip ies greatel than UCC (Fig .4). The 
sandstone samples that are enriched in Cs concentration (for e.g. GLN-5 with Cs=61.3 
ppm) also contain highcr concentration of Rb (1 76 ppm) and Ba (514 ppm) and 
corresponding K2O contents (3.62 %), strongly suggesting a common occurrence within 
K-bearing minerals, supported by the identification of K-feldspars in the thin sections, 
and in particular K substitution for Ba within K-feldspar mineral lattice (Descourvieres et 
al.. 2010). Another implication of LIL elements shows lower concentrations  (23-164 
ppm) compared to the UCC (= 350ppm) composition and no clear correlation with any 
other major or minor elements, indicating the presence of Sr in more than one mineral 
Rb Sr cs Ba Pb Ili t " Zr lit Y Sc V Cr ('u Co Ni Zu 
Fig. 4.4-UCC-normalized trace element patterns of the Permo-Carboniferous sandstones 
from the Spiti region, Tethys Himalaya, (UCC values after McLennan, 2001). 
The sandstones of the "Tethys Himalayas of the Spiti region consists of wide range 
of rare earth elements concentrations from 199 ppm to as low as 16 ppm, suggesting 
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explicit mineralogical control and quartz dilution effect in addition to hydraulic sorting. 
Because hydraulic sorting affects minerals that host most of the RFF.s (for e.g. zircon, 
monazite. allanite. titanite, apatite, xenotime, garnet etc.) and the concentration of these 
minerals. particularly ultradense minerals varies with varying intensity of hydrodynamic 
processes (Garzanti et al.. 2010). Studies on recent sediments by Garzanti et al. (201 1) 
demonstrate that the REF concentrations. particularly Eu anomalies, show marked 
variation both in suspended load and bedload samples, because of progressive 
concentration of fast settling of ultradense minerals at depth, the Eu anomaly becomes 
slightly but steadily more negative from surface to deep load. This in turn suggests that 
hydraulic sorting effects should thus be taken into full account while making any 
inferences based on REFS. 
Despite the variation in the concentration of individual samples the chondrite 
normalized REE patterns of these sandstones with LREE enriched, high La/Lu. (LaN 
'Sn1\= 2.5-5.7. average 3.8). almost flat HREE (GdN/YbN=l.2-2.5 average 1.8) patterns 
with significant --ve Eu anomaly (Eu/Eu*=0.4-0.8. average, 0.56) are uniform and similar 
to that of UCC and NASC (Fig. 4.5), implying that they have the similar source. This 
large variation in the Eu anomalies displayed in the samples seems to reflect hydraulic sorting 
effect. The concentration of REEs of the sandstones, as expected, is significantly lower when 
compared to UCC, however. fewti exceptions, displayed in the samples needs explanation. A 
notable increase in total REE concentration in samples GLN-5 with those of UCC values 
(Table I) is clearly visible, this may be attributed to presence of relatively higher amount 
of' feldspars and mica minerals and Th bearing minerals in this sample. which is 
consistent with its low SiO-,, contents (63%) relatively high A1,03 (10.5%), Sr (134) 
contents and 'I'h /LI ratios (499). Its U content is similar to other samples, thus the high 
I'h U ratio is mostly related to high Th abundance. Since most Th bearing minerals such 
as monazite are enriched in REEs. the highest TREE and flat HREE patterns of this 
sample may be due to the presence of Th bearing minerals along with other heavy 
minerals. Although rest of the samples in sandstones show lower REF concentrations 
relative to the UCC values, samples LSP-1. "l'BP-1 and TBP-12 are distinctive in having 
lowest VRFE, (17- ppm. 18- ppm and 17- ppm, respectively) contents, significant large 
negative Eu anomalies (Eu/Eu*=0.37. 0.43 and 0.44), variable LaN/YbN ratios (17.15, 
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11.77 and 14.75) and flat HREE patterns (Gd N/YbN= I.9, 1.8 and 2.4). Quartz dilution 
seems to have lowered the REE contents of these samples, which is consistent with 
their high SiO2 (>90%) contents. In terms of other elements also these samples are 
distinctive in having lowest Na20. K20. CaO and Sr contents (Table-1). implying the 
absence of essential primary minerals, particularly feldspars which probably resulted into 
large iiegutive Eu anomalies iu the Sandstones. An excellent corielatioli of La and Ce to 
Th (0.9) in addition to their high La+Ce contents (Table-1), with the exception of the 
samples unusual REF abundances that arc described above, suggesting the Th is probably 
contained chietly in heavy mineral Monazite. Zr has positive correlation with Yb and 
heavy rare earth elements (HREEs). indicating that HREEs are controlled by zircon 
abui ndance. 
011 
-f Ganmachdam sandstones 
X Po sandstone 
—A— Linak sandstone 
100 
M 
La Ce Pr Nd Sm Eu Gd Tb Dv Ho Er Tm Yb Lu 
Fig. 4.5-Chondrite-Normalised REE patterns of the Permo-Carboniferous sandstones 
from the Spiti region, Tethys I limalaya. 
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4.6. Trace element Geochemistry of Black Shales 
It is evident from the Table-I that some of the trace elements in black shales show 
large variations compared to PAAS, NASC. and UCC. In general, the black shales are 
enriched in the high field strength elements such as, Zr, Nb, Hf, V. Ta, and Th. The 
enrichment of Zr and Hf concentration in some of the samples relative to PAAS (Fig. 4. 
6) with Zr/Hf ratios ranging from 26-47 (mean=37), which are nearly matching to those 
reported by Murali et al. (1983) from the analysis of Zr crystals (Zr/I If- 39). suggesting 
these samples are enriched in Zircons. It is also well known that Zr and Hf may be 
prei'erentially partitioned into felsic melts during crystallization and anatexis (Feng and 
Kerrich, 1990), and as a result, these elements are enriched in fetsic rather than mafic 
rocks. "[he transitional elements in the sediments may be enriched due to many processes 
such as for example some elements (Vlo, U, V) can diffuse into the sediments during 
diagenesis (Brumsack and Gieskes,1983; Shaw et al.,1990) while as other elements 
delivered owing to scavenging by sinking particles binding to the organic matter (Calvert 
in al,1985; Burrnsack, 1986) or even bioconcentration by plankton in high productivity 
setting (for elements such Ag, Cd, Cu, Ni, Zn) and release to the sediments during 
organic matter decomposition (Bruland, 1983). Therefore enrichment of transitional 
elements (such as V. Cr, Ni, Cu and Co) in the shales reveals that they may be associated 
with organic carbon and /or adsorption of organic matter on to clay particles. It can be 
seen in the figure 6 that two samples (MLP-6 and BS -8) belonging to Lipak and Po 
formations display depletion in Co as compared to PAAS. Moreover, Co behaves 
similarly to Mn in seawater (Knauer et al., 1982; Bndand, 1983) and in sediments 
(Klinkhammer. 1980; Hem et al.. 1989), hence Co can diffuse out of sediments tinder 
reducing conditions (Heggie and Lewis, 1984), although it can be fixed as a stable 
sulphide under sulfidic conditions (Luther, 1991; Huerta-Diaz and Morse. 1992). This 
diffusion out of the sediments could also in part explain the lower Co enrichments 
observed in the some black shales. The Lower concentration of Co, Cu, Rb, Sr, as well as 
in Cs, and Ba contents ( in lenses) are due to their association with clay minerals, and their 
low values could be attributed to the low values in parent rocks and the high quartz 
content in the sediments (Table-4.2). This is in agreement with studies by Nesbitt et al. 
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(1980) and Wronkiewicz and Condie (1987), in which these authors conclude that small 
cations. such as Na. Ca, and Sr, are selectively leached and weathered from weathering 
profiles, whereas cations with relatively large ion radii, such as K. Cs. Rb. and Ba. may 
be fixed by preferential exchange. Strontium and barium mostly reside in plagioclase and 
K-feldspar. respectively. The fractionation of these to elements can result from the 
selective weathering of these feldspars. Weathering of plagioclase will decrease the Sr 
content, because plagioclase is more easily weathered than K-feldspar, and Sr is more 
mobile than Ba. A depletion of Ba could he due to recrystallization of clays and 
progressive destruction of feldspars. Potassium. Rh, and Cs are mainly hosted in micas 
and K-feldspar (Heier and Billings, 1970); thus. alteration of micas and K-feldspar 
minerals will dominate the fractionation of these elements. Rubidium behavior is 
comparable to that of Nb and V and is less mobile than K. 
In the Lipak Formation. V ranges from (75-98 ppm). Po Formation contains high 
V (94-309) contents while as in Ganmachidam Formation. V concentration ranges from 
48-130 ppm. It is evident that the Po Formation contains V concentration greater than 
Lipak. and Ganmachidam formations. Over all, vanadium attains an average 
concentration of 150.5 ppm and varies from 48 ppm to 309 ppm in the black shales of the 
study area.The average vanadium content in the studied samples is higher than that of 
NASC (130 ppm) and similar to PAAS values (150 ppm. In the Lipak Formation. Zn 
concentration varies from 116-163 ppm while as in the Po Formation, Zn concentration 
ranges from 54-397 ppm and in the Ganmachidam formation Zn concentration is lower 
than Lipak and Po formations and ranges between 120-157 ppm. The average zinc 
content in the studied samples of the Kanawar Group is 150 ppm, which is higher than 
that of PAAS values (85 ppm). Rb concentration In Lipak Formation varies from 176-
221 ppm, Po Formation contains Rb values in the range of 97-175 ppm while as in 
Ganmachidam Formation Rb concentration ranges from 98-219 ppm. It can be seen from 
Rb values that no drastic variation within the three formations of the Kanax~ar Group 
occurs. Sr concentration in the Lipak. Po and Ganmachidam formations ranges between. 
162-210 ppm, 42-298 ppm and 67-222 ppm respectively. While as some of the nodules 
hosted by the black shales of Po formation show higher content of Sr that varies between 
378-773 ppm. The higher Sr content within these phosphate nodules may he attributed to 
the presence of organic shells or calcium bearing minerals. Sr may he concentrated by 
non-calcareous plankton (Knauer and Martin 1973), and especially aragonitic materials 
and shells, as well as by primary apatite in bones and teeth of vertebrates. Zirconium 
in the studied shale samples shows an average of 312 ppm, which is higher than the 
zirconium content of the PAAS (200 ppm). This indicates that Zr may be incorporated 
into organic matter or adsorbed by clay minerals. This is the result of the close 
association between these elements and clays, and therefore reflects their terrigenous 
origin. The average Cr content of the Kanawar group black shales is 105 ppm. In the Po 
Formation Cr concentration is higher than Lipak and Ganmachidam formations and 
varies from 73-185 ppm, and is also higher than Cr in PAAS (I10 ppm). Cr may be 
adsorbed on iron and manganese oxides, clays, apatites and organic matter (Prevot 1990). 
Cr, V. Zn and Cu are always strongly intercorrelated and shows positive correlation of 
Cr and V with Ni (r = 0.76, and 0.84, respectively). The concentration of the other trace 
elements including Sc, Co, Cu, Y and Cs has less than 100 ppm concentration. In the 
present study, the average copper content is 39 ppm, lower than the average copper in 
PAAS (50 ppm). The studied samples show the average Co contents 13 ppm, with the 
exception of samples from the "Iabbo section of the Po Formation which record high 
values up to 27 ppm. The lower Co concentration in average black shale may indicates 
that cobalt is neither signilicantly adsorbed nor incorporated into the clay minerals or the 
organic matter admixed with the samples (Ismael, 1996). 
Trends of enrichment and depletion in the trace elements, is exhibited by the 
black shales in the PAAS normalized spider diagram (Fig. 4.6) and the average 
concentrations of V, Cr, Ni, Cu, Zn, As, Sr, Y, Mo, Ag, Cd, Sb, Ba, Pb and U in the black 
shales are much higher than those for typical shales and mudstones in the crust 
(McLennan and Taylor, 1980, 1991; McLennan ct at, 1990). Marked depletion in the U 
concentration in some samples is evident when compared to the PAAS which forms the 
most stunning characteristic of this diagram (Fig 4.6). This severe depletion of U in the 
black shales samples relative to the Th resulted into anomalously high Th/U which may 
be explained in relation to the provenance (high felsic crustal components) or climatic 
conditions of depositions of these sediments. The similar trend of depletion is shown by 
the sandstones which occur in association with these black shales. 1J is the climate 
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sensitive element and changes its behavior according to the prevailing environmental 
conditions (McManus et al.. 2005, Tribovillad et al., 2006). Under oxic to suboxic 
conditions. U is present mainly as soluble U(VI) in the form of uranyl carbonate 
compiexes (UO2 (CO3)3~), which are chemically unreactive (Kiinkhammer and Palmer, 
1991: Calvert and Pedersen, 1993). Under anoxic conditions, U is reduced to U(IV), 
foii-niog the higlii;y soluble uiariyi ion UO2 + or less soiuuie ui'anvus fiuoiide complexes. 
In the reduced state, removal of U to the sediment may be accelerated by either formation 
of organ ic-mctai ligands in humic acids, or due to diffusion across the sediment-water 
interface and precipitation as crystalline uraninite (UO2) or a metastable precursor to it 
(Klinkhammer and Palmer, 1991: Zheng et al.. 2002). In oxic marine settings, dissolved 
U(VI) is neither reduced to the thermodynamically favored U(IV) nor is it scavenged 
by particulates (Anderson et al.. 1989). Authigenic U enrichment is considered to take 
Rb Sr Ba Pb Th C Zr Hf Y Sc V Cr Cu Co Ni Zn 
Fig. 4.6-PAAS -normalized trace element patterns of the Permo-Carboniferous black 
shales from the Spiti region, Tethys Ilimalaya (PAAS values after McLennan and 
Taylor. 1985). 
place primarily in the sediment and not in the water column, because U(VI) to U(IV) 
reduction i5 decoupled from the amount of free H,S and is not directly influenced by 
redox c,,cling of Fe and Mn in the water column (Algeo and Maynard. 2004: 
McManus et al., 2005), although Zheng et al. (2002) hypothesized that U authigenesis 
could be regulated by the combined rates of iron and sulfate reduction.Consequently, 
in the sediments. the main U-enrichment process is UO2(COs)34 diffusion from the 
water column. reduction reactions and adsorption or precipitation as UO2 (uraninite. the 
most frequent form). U 307 or U;Oy (e.g.. Klinkhammer and Palmer. 1991; Crusius et al., 
1996: Zheng et al., 2000; Morford et al.. 2001; Chaillou et al.. 2002: McManus et al.. 
2005). Since the enrichment takes place within the sediment and not in the water column, 
the ox\gen penetration depth and the sedimentation rate may play a role. in that 
slower sedimentation rates allow more time for diffusion of uranvl ions from the water 
column into the sediment (Crusius and Thomson, 2000). In the reduced state, removal of 
U from the water column to the sediment may be accelerated by the formation of 
oryanometallic ligands in humic acids (Klinkhammer and Palmer, 1991; Zheng et al.. 
2002: McManus et al., 2005). Wignall and Maynard (1993) and Algeo and Maynard 
(2004) also discussed the enhancing influence of organic substrates on U uptake by the 
sediments. In addition to the factors that deliver U to the sediments, this element 
can be remobilized within the sediments if oxygen penetrates to a depth where 
authigenic U has accumulated (Morford et al., 2001; Zheng et al., 2002; McManus et al., 
2005). Such an increase in the oxygen penetration depth can be caused either through an 
increase in bottom water oxygen abundance or a decrease in organic matter flux (or 
both) or seasonal variations in the depth of bioturbation/bioirrigation. This 
reoxidation process can either erase a primary U signal (e.g.. through loss of U from the 
sediments to the overlying water column) or result in the vertical migration of the 
initial C peak to another location in the sediments where conditions favouring 
reprecipitation are met (McManus et al., 2005). In the typical sequence of diagenetic 
events once the pools of oxidizing agents (electron acceptors) are exhausted by a 
biogenic oxidation reactions or bacterial OM oxidation, reducing conditions develop 
irreversibly in the sediment. However, under some conditions, oxidizing agents can be 
replenished from above after the development of reducing conditions. Of course, this 
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does not affect deeply buried sediments but it may be observed when environmental 
conditions vary (relatively) abruptly. such as glacial— interglacial transitions (Dean et al., 
1997; Lyons et al., 2003; McManus et al.. 2005). or when turbidites are deposited in low-
oxygen settings (e.g., Van Os et al.,1991; Van Santvoort et al.. 1997; Cowie et al.. 1998; 
De Lange, 1998: Jarvis et al.. 1998: Thomson et al.. 1998: W'ehausen and Brumsack. 
1999; Rinna et al.. 2002). The influence of post depositional oxygen replenishment is 
greater when the penetration depth into the sediments is large. In particular. this oxygen 
replenishment may lead to uranium remobilization if oxygen penetrates to a region where 
authigenic U has accumulated. Other trace elements such as V. Cd and Mo might also be 
affected by the reoxidation process but to a lesser extent than U (Morford et al.. 2001). 
However. Thomson et al. (1998) noted no migration for Cd and V. and only short-
distance (< 5 cm) migration for Co. Cu, Ni and Zn in the turbiditic systems they studied. 
In cases where significant enrichments in V. Cr. Cd and Mo are observed with U being 
enriched only at a lesser degree, it must be hypothesized that small quantities of dissolved 
oxygen may have caused the soIuhilization and loss of U from sediments that had 
previously experienced reducing conditions. Therefore it can be interpreted that if 
Uranium is in U (VI) and may he lost during transportation leading into the depletion of 
this element. The U from the black shales may have been released after the deposition 
from the sediments into the water by forming uranyl ion. This further provides an 
evidence for fluctuations of environmental conditions that may have prevailed after the 
deposition of these black shales. 
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4.7. Geochentistty of Limestones 
Major and trace element composition of carbonates depends upon mineralogy, 
temperature, magnesium content, partition coefficients and more importantly the 
enrichment factor of individual organisms. Temperature, salinity, light intensity and 
nutrient supply are among the major controls on the production of carbonate sediment, 
regulating the abundance of each type of carbonate producer. Light intensity is dependent 
upon water depth and turbidity, which is affected, quite significantly, by the input of 
terrigenous sediment. especially clays, the quantity of which will be a major control on 
the deposition rate and purity of the limestone. Climate has a strong influence on the type 
of terrigenous material supplied by rivers, with a humid climate providing more clay 
through chemical weathering, and an and climate generating more sand and gravel-rich 
sediments, but with a lower frequency. Sediment deposition during sea-level change can 
also vary significantly, a falling sea level will increase river down-cutting therefore 
providing more sediment to the sea, and a sea-level rise will move sediment deposition to 
previously subaerial areas. 
Major element concentrations of limestones from Lipak Formation, Spiti region, 
Tethys Himalaya are shown in the Table-4.4. Wide variations are observed in the Si02, 
CaO, Fe203, A1203 and MgO contents. The most abundant constituents are CaO (13-
54%) and SiO2 (1-39%), followed by AIz03 (0.49-10%), Fe203 (0.16-3.14 %) and MgO 
concentration ranges from 0.4-10%. Smaller variation is observed in the less abundant 
elements (<2%) include K20. Ti02 and Na2O. The trends of enrichment and depletion are 
also evident from the PA.AS-normalized major elements spider diagram showing 
noteworthy variations such as significantly enriched CaO content and moderately 
enriched MgO and K20 concentrations in the Lipak limestone (Fig. 4.7). 
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Fig. 4.7-PAAS -normalized major element patterns of Limestones from the Spiti region. 
Tethys Himalaya. PAAS values after Taylor and McLennan (I 985). 
The limestones show depletion in majority of the trace elements while as Sr 
shows higher concentrations as compared to the other trace elements; this may be related 
to the substitution of this element for Ca due to similarity in charge and radius. Some of 
the large ion lithophile elements such as Rb. Cs and Ba show depletion while as Sr 
content is relatively higher when compared to PAAS values (Fig. 4.8). 'The 
ferromagnesian trace elements (Co. Ni, Cr and V) are depleted with respect to PAAS. 
The high field strength elements such Zr, Y, Nb, Hf, I'h and U show depletion but few 
samples show similar elemental abundance with respect to PAAS. This enrichment of 
high field strength elements in some of the samples may be attributed to the presence of 
terrestrial derived minerals in the Lipak limestones. In general. Sr content of l.ipak 
Formation ranges from 202.75-798.5 ppm (average 464.75 ppm) and is lower than the 
average value of lithosphere carbonates (Sr = 610 ppm; Turekian and Wedepohl. 1961) 
and Cretaceous pelagic limestones (500-900 ppm; Steuber 2002). which are interpreted 
and considered as initial marine values of carbonate sediments (Steuber and Veizer. 
2002; Wiggins. 1986). The abnormal or irregular presence of Sr in the limestone may be 
related to meteoric water- rock interactions during diagenesis or fossil remains (Vincent 
et al., 2006). 
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Fig. 4.8- PAAS -normalized trace element patterns of Lipak limestones from the Spiti 
region. Tethys I limalaya. PAAS values after Taylor and McLennan (1985). 
REF contents are low in these limestones (6 to 40 ppm), except three samples 
(MLP-5= 92. 1- KC-8-1 10 and MLP-6A-206 ppm) showing higher 'REE contents with 
an a\erage of 57 ppm. The concentration of REE is less in limestones than in shales, 
which is consistent with the observation that marine carbonate phases contain 
smmWificantIy less REE content than terrigenous materials. The variations in REE 
concentrations in the different litho-units of the Lipak Formation are probably controlled 
b\ the amount of biogenic calcite. This is supported by the strong negative correlation 
between CaO and REE contents (r= -0.96) (Bevington and Robinson, 2003: Verma, 
2005). PAAS-normalized REE patterns of limestones (Fig. 4.9) show more or less flat 
REF pattern with positive Ce anomalies (Ce/Ce*= 1.7 to 3.3) and negative Eu anomalies 
(Eu/Eu*= 0.02 to 0.03). Carbonates and authigenic marine phases mainly record the 
seawater-like REF pattern (Piper, 1991) while as the non-seawater-like patterns in the 
carbonate rocks may result from the incorporation of terrestrial materials (Elderfield et 
al.. 1990), an increase in the REE content may be due to the increasing supply of 
terrigenous contaminants (Madhavaraju and Ramasamy. 1999). I e and Mn oxides (Bau 
et al., 1996) and phosphates (Byrne et al., 1996). Y/l-lo ratio has been considered as a 
prey) of seawater chemistry (Ban, 1996; Nozaki et al., 1997) because Y and Ho 
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terrestrial input. 
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share similar ionic radii, charge density and oxidation state. Carbonates free from 
terrigenous materials display Y/Ho ratio between 44 and 74. but terrestrial materials and 
volcanic ash have constant chondritic Y/Ho values of 28. 
The limestones of the Lipak Formation have low values of Y/Ho (3 I.71 to 48.77. 
average= 36.81). which are more or less similar to chondritic values (28). thus indicating 
Fig. 4.9- PAAS -normalized rare earth element patterns of the Lipak limestones from the 
Spiti region, Tethys Himalaya. PAAS values after Taylor and McLennan. (1985). 
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i able-4 I . Major and trace element concentrations of'siliciclastic sedimentary rocks from Spiti region. I ethys I Iimalaya. 
Major elements in 1\t r%r and I race elements in ppill. 
Sandstones 
I•:Icnrcnt NII.p-I \1I.1'-L \11.1'-3 1I ,I'-3.\ N1Q-I IQ-I(..) I.SI'-I Lsp-2 I.SI'-3 I.sp-4 I_xp-5 I.S1'-6 I.S1'-7 I.sp-8 I,5I'9 I.sp-12 
SiO, 84.26 84.55 91.97 87.81 811.1 95.63 96 79.22 76.10 76.29 7X.0+ 81.8 81.02 88.82 79.64 72.95 
U:Os 6.86 7.78 3.36 3.85 5.6 0.74 0.63 5 07 5.18 5.75 5.26 1.79 3.24 1.89 5.93 6.54 
1102 0.38 0.51 0.15 0.23 11.13 0.17 0.06 0.26 0.28 0.27 0.26 0.09 0.19 0.09 0.3 (1.58 
I c_O4 1.21 1.16 0.81 4.25 1.56 0.05 0.1 1.04 1.12 1.09 1.04 0.73 0.88 0.7 1.71 (1.9 
MgO 0.91 1 (1;6 I.1)5 0.89 (1.(14 0.06 0.76 0.98 0.8 0.77 ((.26 0.47 0.21 1.63 (1.41 
MnO 0.01 0.01 0.111 (1.111 (1.01 0.1)1 (1.1)1 0.05 0.06 0.O5 0.05 ((.1)6 0.07 0.03 0.05 0)t) 
CaO 0.2 (1.17 0.05 0.05 0.05 0.01 (1.03 5.03 5.93 5.69 5,07 5.94 5.41 2.5 2 65 8.55 
1a;O 0.37 0.4 0.111 0.44 0.35 1).111 0.02 0.31 0.41 0.3.3 (1.32 0.1 (1.19 008 ((.68 ((.18 
K,O 2.44 2.91 0.72 0.25 1.32 0.09 0.08 1.56 1.74 1.79 1.5 0.46 0.99 0.38 1.86 1.64 
l"o, 0.11 0.07 0.008 0.007 11.01 0.005 0.002 (1.04 0.05 0.05 0.04 0.03 0.02 0.01 0.04 11.03 
1.01 1.252 1.3 0.743 7.277 0.976 (1.43 0.385 3.6 3.859 4.3 4.706 3.057 3.582 3.5 3.473 3.33 
Total 98.002 99.86 98.311 1115 22.1 95.196 97.185 97.377 96.9.1 96.069 96.42 97.046 94.317 96.062 9821 97.963 95.2 
Sc 4.7 nd 3.5 nd nd nd 2.569 nd 1.203 nd nd 3.041 3.426 rnl 7.024 nd 
N, 46.03 nd 14.3 nd iii! nil 4.835 nd 29.846 nd nil 12.21% 16.02 nd 17.1 17 nd 
Cr 44.6 nd 22.4 nd nd nd 53.02 nd 44.628 rid nd 23 455 24.784 nd 38.621 nd 
Co 56.8 nd 75.7 nd nd rid 173.276 nd 39.287 nd nd 40.835 66.226 nd 36.671 nd 
Ni 43.6 nd 42 nd nd nd 81.401 nd 63?4) nd nd 72.365 58.935 nd 48.294 nd 
(u 38.9 nd 31.7 nd nd nd 24.928 nd 2.1 nd nd 34.553 32.848 nd 34.519 nd 
/.n 56.7 nd 39 nd nd nd 38.69 nd 46.38 nd rid 49.1 93.4 nd 122.3 nd 
(a 1 1.0 3 nd 4.4 nd nil ltd 0.597 nd 7.241 nd nd 2.84 3.897 nd 7.279 rid 
Rb 21.2 nd 33.64 nd nd nd 4.149 nd 62.694 nd rid 21.889 33.971 nd 78.521 nd 
Sr 66.7 nd 18.02 nd nd nd 11.028 rid 106.729 nd nd 185.42 93.808 nil 58.561 nd 
1' 19.5 nd 7.12 nd rid nd 1.507 nd 18.202 nd nd 14.683 14.023 nd 13.767 nd 
Zr 271.5 nd 108.8 nd nd nd 25.07 rid 137.235 nd nd 53.845 75.701 nd 44.578 nd 
Nb 14.1 rid 6.5 nd rid nd 4.626 nd 9.979 nd nd 2.87.1 5.864 rid 7.608 nd 
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C- C. C- G G C- G C. G G C. G 
Cr nd nd 14.137 	14.117 15.653 28.547 17?58 61.918 46.735 nd 24.346 13.531 13.013 17.199 16.321 
Co nd nd 260.985 90.825 167.618 73.38 68.025 23.116 62.972 nd 65.758 89.733 123.76 163.822 73.236 
Ni nd nd 64.332 26.044 59.083 32.265 42.683 36.488 31.215 nd 53.416 29.768 46.656 38.967 23.605 
Cu nd i 	nd 16.167 23.075 17.457 28.142 37.694 41.57 33.53 nd 19.682 15.676 16.545 18.461 16.092 
Zn nd I 	nd 3.85 7.019 3.733 43.276 56.626 64.775 44.093 nd 15.24 7.891 10.487 8.833 8.159 
Ga nd nd 0.571 3.182 0.566 6.233 3.373 18.175 7.028 nd 8.016 4.377 2.84 4.647 5.572 
Rh nd 	nd 3.507 22.956 4.007 51.717 31.399 176.105 49.802 nd 23.09 37.382 25.175 37.605 39.548 
Sr nd 	I 	nd 7.597. 47.671 6.314 23.159 164.55 134.301 59.055 nd 112.247 41.208 49.506 13.926 94.884 
1 nd 	i 	nd 2.483 7.915 1.852 10.613 8.896 31.711 8.548 nd 15.664 10.278 9.024 8.342 10.364 
Zr nd 	nd 19.931 55.879 21.39 132.408 70.933 327.713 107.253 nd 223.48 104.471 160.421 101.555 79.22 
tib nd 	nd 6.731 2.83 6.764 6.74 5.175 17.312 7.955 nd 9.896 6.44 8.51 7.546 6.18 
Cs nd 	nd 0.378 2.099 0.312 5.665 3.649 61.321 6.658 nd 3.383 3.057 2.137 3.755 5.438 
Ba nd 	nd 19.89 118.884 20.738 125.869 106.684 514.355 114.141 nd 83.217 120.634 74.27 87.44 86.739 
La nd 	nd 4.007 8.158 3.734 13.825 10.584 44.948 15.884 nd 18.391 11.824 13.962 10.982 13.099 
Ce nd 	nd 7.594 16.386 7.32 18.932 22.097 89.234 32.913 nd 43.205 24.476 28.312 22.793 24.999 
Pr nd 	nd 0.916 1.949 0.882 3.6 2.823 10.233 3.842 nd 4.709 2.928 3.394 2.823 2.968 
\d nd 	nd 3.169 7.13 3.15 13.58 10.982 37.112 14.138 nd 16.831 10.363 12.301 10.374 10.477 
Sm nd nd 0.595 1.444 0.595 2.581 2.587 6.961 2.736 nd 3.423 2.045 2.369 2.044 2.224 
Eu nd nd 0.079 0.278 0.078 0.437 0.456 1.366 0.493 nd 0.662 0.344 0.331 0.333 0.505 
Gd nd nd 0.518 1.345 0.496 2.275 2.261 6.455 2.231 nd 3.088 1.895 2.083 1.736 2.129 
Tb nd nd 0.087 ! 	0.261 0.073 0.386 0.388 1.127 0.358 nd 0.588 0.349 0.372 0.308 j 	0.401 
D2 nd nd 0.452 1.461 0.357 1.952 1.911 5.982 1.796 nd 3.242 1.951 1.802 1.631 2.199 
Ho nd nd 0.081 0.291 0.065 0.375 0.322 1.164 0.331 nd 0.611 0.387 0.339 0.304 0.387 
Er nd 	nd 0.231 0.801 0.195 1.055 0.834 3.277 0.931 nd 1.751 1.064 0.924 0.884 1.095 
Tm nd nd 0.037 0.129 0.028 0.186 0.123 0.541 0.152 nd 0.298 0.173 0.144 0.14 0.169 
Yb nd nd 0.23 	0.816 0.171 1.07 0.723 3.278 0.949 nd 1.87 1.059 0.868 0.884 1.108 
Lu nd nd 0.033 	0.122 0.022 0.181 0.112 0.522 0.163 nd 0.28 0.168 0.135 0.136 0.163 
Hf nd nd 0.569 1.66 0.622 4.201 2.249 10.564 3.343 nd 6.283 3.125 4.644 3.058 2.424 
Ta nd nd 2.461 0.503 4.523 4.477 2.499 2.016 4.079 nd 4.352 4.438 6.849 4.171 3.878 
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K2O/Na2O 
S102/. I2O3 
Na20/K20 
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2.37 
5.91 
0.42 
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56.12 
0.099 
72.49 
PLC 62.1 82.7 70.41 47.08 79.51 89.82 62.69 54.5 
59.16 
91.07 
12.43 
74.73 
45.27 
57.06 
16.21 
60.1 
69 
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11.59 
86.1.1 
7.49 
71.67 
9.34 
77.58 
77 
38.2 
93.16 
1099 
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80 
21.99 
NVIP 53.41 1.45 2.43 14.02 2.74 12.4 - 	1 ,.1 1 
68.6 ('1W 70.73 84.74 75.24 55.42 82.72 92.15 65.67 92.72 80.64 
71 
nd 
91.96 89-9 
('IX 65 83 72 59 77 78  68 61 81 75  73 
68.93 Zr/Sc nd nd 18.0 25.28 20.85 34.616 22.59 42.01 29.4 35.04 
7fh/Sc nd nd 1.56 1.22 1.5 1.3 1.17 2.3 1.39 nd 2.16 1.43 2.49 1.62 0.9 
La/Sc nd nd 3.63 3.69 3.64 3.61 3.37 5.76 4.36 nd 4.28 3.97 6 4.13 3.635 
Cr/Th nd nd 8.205 5.238 10.1 5.53 4.74 3.45 9.2 nd 2.62 3.17 2.24 3.99 5.0 
Cofl'h nd nd 151.47 33.7 108.6 14.224 18.6 1.29 12.4 nd 7.08 21.02 213 38.02 22.45 
La/7'h nd nd 2.326 3.03 2.42 2.68 2.89 2.5 3.1 nd 1.98 2.8  2.4 2.55 4.02 
Ii/Zr nd nd 9.02 9.65 8.41 9.05 13.52 10.24 11.7.1 rid 4.02 6.88 7.099 7.673 8.33 
7'i/Nh nd nd 26.7 190.6 26.6 177.86 185.3 193.9 158.2 rid 90.855 111.7 133.8 103.26 106.7 
Eu/i.u* nd nd 0.43 0.61 0.44 0.55 0.58 0.62 0.61 nd 0.6 0.5 0.46 0.54 0.71 
Ce/Cc* nd nd 0.9 0.96 0.95 0.63 0.95 0.97 0.99 nd 1.09 0.97 0.96 0.96 0.94 
(Gd/1'b)\ nd nd 1.8 1.3 2.4 1.7 2.5 1.6 1.9 nd 1.3 1.5 1.9 1.6 1.6 
(La/Sm)N nd nd 4.2 3.6 3.900 3.400 2.6 4.1 3.7 nd 3.4 3.6 3.7 3,4 3.7 
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('1:1 69.8 74.47 68.85 74.46 71.15 74.18 67.45 69.4 68.4 62.35 60.45 54.33 56.93 63.89 62.64 
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('1W 82.8 90.67 80.77 90.90 85.75 93.74 80.46 84.13 95.78 78.17 78.55 66.74 72.40 80.68 77.98 
WIP 56.2 53.73 49.07 38.40 43.97 43.28 40.63 36.67 84.27 66.14 66.40 58.98 75.78 66.81 54.85 
CIX 75 -75 75 79 76 76 74 74 70 67 66 63 64 66 69 
K20/:11203 0.21 0.221 0.197 0.223 0.220 0.259 0.221 0.232 0.385 0.299 0.351 0.315 0.346 0.300 0.289 
A120311'i02 22.1 24.16 22.56 24.33 23.58 22.32 23.91 21.64 31.38 21.88 20.25 15.94 19.78 21.89 23.32 
Si02/.41203 2.8 2.96 3.639 4.61 3.953 4.048 5.195 5.9 2.2 3.7 3.82 5.4 3.53 3.82 4,6 
Zr/Sc nd nd nd 2.728 4.889 169.6 3.986 5.308 273.2 nd 9.043 9.10 8.766 8.854 nd 
La/Th nd nd nd 2.357 3.165 2.58 2.37 2.2 2.26 nd 1.659 2.24 2.03 2.079 nd 
Th/1'b rid nd rid 12.39 8.966 12.5 17.64 16.7 10.86 nd 10.34 6.41 10.68 11.16 nd 
Crll'h nd rid nd 6.154 7.870 8.74 5.967 6.103 9.071 nd 3.677 4.45 3.65 3.85 nd 
Th/(b nd rid nd 1.806 0.872 0.762 1.108 1.15 1.154 rid 1.53 0.769 1.513 1.56 nd 
'ThISc nd rid nd 1.526 1.255 1.75 1.78 1.79 2.19 nd 1.89 1.2 1.8 2.3 nd 
Eu/Eu* nd rid nd 0.56 0.5 0.613 0.56 0.524 0.5 nd 0.57 0.5 0.57 0.58 nd 
Ce/Ce* nd nd rid 1.12 1.1 1.29 1.3 1.3 1.1 nd 1.1 1.1 1.14 1.1 nd 
(Gd/1'b)N  rid nd nd 3.04 4.23 3.05 3.86 
f 	
3.8 2.66 nd 2.48 2.26 2.5 2.40 nd 
CIA= [A1203/ (AI2O, +CaO*+Na2O-+K-,O)Jx 100; CIW= [A1,0;/(A1 () +CaO*+K2O)] x 100; 
CIX-[AI7O3/(AI2O3+Na2O+K7O)]* 100); PIA - [(A1203-K2O)/(AI203+CaO*+ Na2O- K20)]* 100; 
20 Mg0 2K20 Ca• 	 1/2 WIP = 100 x (LNa 	 0 + - + 	+ 	; tu!F.u* = Eu N/(Sm NX GdN) , Ce/Ce* =Ccc./(CaN x PrN ) I/2  
0.35 	0.9 	0.25 	0.7 
N- Chondrite -normalised values (after Sun and McI)onoiigh.1989); nd- not determined. 
Tahle-4.4. Major and trace element concentrations of Limestones from Spiti region. Tethys 
Himalaya (major elements in wt% and trace elements in ppm). 
Delimit 	M1.P-2 	MMLP-4 	MLP-5 MLP-6A 	I MLP-7 	MLP-8 I KC-7 TKC-8 TKC-9 	TKC-IO 
SIO, 	1.34 	1.77 24.16 	~ 23.55 	1.31 	39.05 9.60 1 21.30 1.15 	' 2.93 
A1,03 	0.55 	0.81 4.82 8.6 i 	0.49 10.31  1.26 1.92 0.14 0.23 
TiO, 0.05 	0.07 0.37 0.33 i 	0.05 0.68 0.07 0.16 0.01 0.02 
Pe,0; 0.16 	0.19 0.86 1.88 0.26 3.14 0.83 1.64 0.15 0.38 
MgO 0.4 0.6 1.38 10.16 3.26 7.04 i 1.56 13.78 0.57 1 0.92 
MnO 0.02 0.02 0.04 0.04 0.02 0.03 0.027 0.076 0.011 0.017 
Ca() 54.02 52.47 36.22 ! 	23.33 49.6 13.34 45.87 1 25.43 53.81 52.10 
Na,O 0.23 0.34 0.75 	0.07 1.86 0.09 0.07 I 0.09 0.00 0.00 
• KO 0.1 0.41 2.56 3.59 0.1] 	5.37 0.38 2.07 0.06 0.13 
0.01 0.01 	
1 
0.05 0.08 0.01 	0.006 0.02 0.08 0.00 0.01 
LOI 7.254 11.2 9 9.77 6.315 	14.89 nd 32.57 25.89 41.229 
Total 64.13 67.94 80.21 81.404 63.285 	93.94 59.69 99.11 81.792 97.970 
Sc 0.038 	0.039 0.058 0.085 0.034 nd 0.038 2.721 0.031 0.033 
V 5.211 	7.387 13.263 15.175 5.632 nd 2.921 20.58 3.562 3.269 
Cr 5.485 	4.303 12.015 9.686 8.197 nd 7.933 12.05 8.693 7.361 
Co 0.139 I 	0.156 0.534 1.11 0.138 nd 0.423 8.579 0.401 0.289 
Ni 0.413 	J 0.45 0.603 0.472 0.374 nd 0.721 30.43 0.561 0.695 
Cu 1.189 1.383 1.468 1.164 1.073 nd 0.795 16.6 0.847 3.05 
Zn 11.99 13.55 33.649 23.643 25.786 nd 2.771 6.271 4.074 2.606 
Rb 1.517 5.764 37.317 39.598 1.671 nd 4.923 52.32 1.983 2.663 
Sr 202.7 798.5 752.48 257.478 401.79 nd 218.0 204.4 421.72 665.36 
Y 5.853 	1.928 10.624 28.703 1.896 nd 6.772 25.6 0.83 2.658 
Zr 8.578 I 	21.14 84.668 38.908 10.719 nd 16.31 30.55 17.446 20.734 
Nb 5.482 17.91 121.27 73.276 6.693 nd 11.84 3.027 7.81 6.637 
Cs 0.109 0.538 6.01 7.623 0.231 nd 0.173 0.931 0.087 0.062 
Ba 77.5 62.69 174.76 162.268 40.002 nd 40.65 352.2 13.244 29.332 
1 La 0.232 0.311 1.681 2.61 0.222 nd 4.758 20.29 0.908 2.62 
Ce 4.932 7.345 51.951 102.011 5.878 nd 18.97 45.25 3.028 10.168 
Pr 0.481 0.472 3.479 6.787 0.344 nd 1.25 5.174 0.184 0.605 
Ind 2.309  2.065 14.449 31.383 1.474 nd 6.097 18.77 0.802 2.804 
Sm 2.597 1.854 13.42 36.2 1.334 nd 6.418 3.82 0.862 2.728 
Lu 0.012 0.008 0.045 0.122 0.005 nd 0.021 0.872 0.003 0.009 
Gd 0.578 0.395 j 	2.545 7.128 0.285 nd 1.226 3.835 0.151 0.527 
lb 0.123 0.079  0.444 1.384 0.055 nd 0.207 0.775 0.028 0.088 
Dy 0.821 0.415 0.608 8.256 0.338 
J 	
nd 1.366 4.649 0.172 0.557 
Ho 0.12 0.052 0.334 0.905 0.044 nd 0.188 0.969 0.026 0.078 
Er 0.407 0.174 1.101 3.048 0.153 nd 0.497 2.601 0.062 0.205 
Tm I 	0.069 0.029 0.204 0.534 0.027 nd 0.065 0.408 0.008 0.028 
107 
Yb 0.268 0.119 0.866 2.183 0.107 nd 0.568 2.42 0.078 0.241 
Lu 0.488 0.236 1.524 3.606 0.167 nd 0.721 0.362 0.106 0.312 
Hf 0.268 0.58 2.664 1.369 0.307 nd 0.497 1.145 0.428 0.6 
Ta 0.109 0.212 1.003 0.663 0.123 nd 0.211 1.03 0.138 0.385 
Pb 1.329 1.5 2.165 1.603 1.358 nd 0.997 13.83 0.669 0.626 
Th 0.113 0.186 2.408 2.531 0.134 nd 0.785 8.262 0.124 0.364 
U 1 	0.772 -3.392 3.704 1.829 1.206 nd 0.516 1.682 0.451 1.449 
EuJEu* 0.037 0.04 0.03 0.03 0.03 nd 0.03 1.06 0.03 0.03 
Ce/Ce* 2.05 2.9 2.98 3.07 3.3 nd 1.8 1.0 1.7 1.86 
(La/Yb)\ 0.064 0.2 0.14 0.09 0.15 nd 0.62 0.62 0.86 0.8 
Er,Nd 0.18 0.084 0.076 0.097 0.10 nd 0.08 0.13 0.08 0.07 
Y/Ho 48.77 37.08 31.81 31.72 43.1 nd 36 26.4 31.9 34.08 
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CHAPTER-V 
DISCUSSION 
M. Classification of Sandstones 
Geochemistry and detrital modes are used to classify sandstones from the 
Spiti region. Chemical classification of sandstone is worth attempting because modern 
analytical methods are producing extensive data sets on rock composition. Previous 
compilations and statistical studies have demonstrated the application of chemical 
data to problems in sandstone petrology, but classification has been largely ignored. 
Alternative systems for chemical classification can be evaluated for their power to 
identify major types of sandstones and to facilitate genetic interpretation (Lindsey, 
2013). The relative concentrations of three major oxide groups—silica and alumina, 
alkali oxides. and iron oxide plus magnesium oxide have been used to classify 
sandstones. The enrichment of SiO, by weathering and transport produces quartz 
arenites that can he represented by SiO., Al203. The concentration of iron oxide and 
MgO is the net effect of provenance and the hydraulic concentration and diagenesis of 
detrital ferromagnesian and iron minerals. The relative concentration of iron oxide 
plus magnesium oxides can be represented by (Fe203`+MgO) / (K20+Na2O). These 
ratios form the basis for chemical classification, and may be represented by two 
dimensional diagrams. with varying success, the class quartz arenite, graywacke, and 
arkose can be defined by chemical composition (Lindsey, 2013). A fourth sandstone 
class. lithicarenite, is compositionally diverse; various classifications with modest 
success. but lithic-arenites cannot be identified with great confidence by chemical 
composition alone. Based on geochemical approach, the present study sandstones are 
classified as quartzarenite. sublitharenite and subarkose (Fig. 5.la, h) according to the 
classification proposed by l'ettijohn et al. (1972) and Herron (1988). Based on frame 
work mineralogy the sandstone classification proposed by Folk (1974) has also 
been followed in the present study. The modal analysis data were recalculated on a 
matrix-free basis ignoring the percentage of clay matrix and the data is plotted on Q 
(quartz)-F (feldspar)-RF (rock fragments) diagram. All types of quartz: common 
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quartz. recrystallized metamorphic quartz and stretched metamorphic quartz. 
reworked sedimentary quartz; was placed on Q pole. Chart was placed at the rock 
fragment pole as its origin can be traced to a sedimentary source, though it was plotted 
at the Q-pole by several earlier workers (Blatt. 1967; Pettijohn et al.. 1987). Klein 
(1963) argued that chert is less stable than quartz during transport and placed the chert 
fragment at the RF-pole. The F-pole comprises all types of feldspar grains. By 
following the above method, the Permo-Carboniferous Tethys sandstones from the 
Spiti region are classified as quartzarenite, sublitharenite and subarkoses. thus 
reflecting their slightly mineralogical mature character (Fig. 5.2) which very well 
matches with the classification on the basis of geochemical approach (Fig. 5.1). 
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Fig. 5.1-Chemical classification of the sandstones from the Spiti region, Tethys 
I limalaya based on (a) log (Si02/ A1203) vs. log (Na2O/K2O) diagram of Pettijohn et 
al. (1972), and (b) log (SiO2I Al 03) vs. log (Fe20;/K20) diagram of Herron (1988). 
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Fig. 5.2- Q-F-RF classification triangular plot (Folk, 1974) of different sandstone 
samples from the Spiti region. "Tethys Himalaya. 
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5.2. Provenance Weathering: 
Weathering is the process of rock and mineral alteration to more stable forms 
under the variable conditions of moisture, temperature. and biological activity that 
prevail on the Earth's surface (Birkeland, 1999). Weathering in the source area is 
one of the most significant processes which affects the composition of sedimentary 
rocks and also expedite ground for the genesis of sedimentary rocks by dislodging 
the mineral grains from the parent rocks for erosion and sedimentation processes. 
Two main types of weathering are recognized: physical weathering, in which the 
original rock disintegrates to smaller-sized material with no considerable change in 
chemical or mineralogical composition and chemical weathering, in which chemical 
or mineralogical composition of the original rocks and minerals are changed (Clark 
and Samall. 1982). Physical weathering results in a decrease in grain size. which 
increases surface area that in turn leads to greater chemical reactivity and the exposure 
of fresh mineral surfaces. Chemical weathering processes include dissolution. 
carbonation, hydration. hydrolysis. oxidation and reduction. Evidences of chemical 
weathering are change in colour due to oxidation of iron-bearing minerals, depletion 
of original minerals, alteration and neo-formation of clay minerals, neo-formation of 
iron or aluminium oxides and oxyhydroxides. resulting into the change in major-
element chemistry that of the assumed parent material. The pronounced effect of 
chemical weathering on the composition of silicate rocks is also evident by the ionic 
interactions for example large cations (Rb. Sr) remain fixed in the weathered residue 
in preference to smaller cations such as Na. Ca. K. which are selectively leached 
(Nesbitt et al.. 1980). These chemical trends are generally transferred to the 
sedimentary record (Nesbitt and Young. 1982: Wronkiewicz and Condie. 1987) and 
thus weathering products of silicate rocks are predominantly useful for evaluating 
continental weathering contributing to soil formation. water chemistry and controlling 
atmospheric CO2 concentrations over geologic time scales. (Gaillardet et al.. 1999: 
Dessert et al., 2003: Price and Velbel. 2003). Rivers mainly transport huge quantity of 
weathered terrigenous material into the sea and play a key role in earth surface 
processes. marine sedimentation and the biogeochemical cycle in the ocean. The 
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chemical weathering rates on continents are 	regulated by many factors, 
including the source rock type. climate regime. tectonic and topographic settings. 
vegetation, soil development, and human activities (Grantham and Velhel, 1988; 
Berner. 1992; Stallard. I995; White and Blum. 1995, Gaillardet et al., 1999; Oliva et 
al.. 2003). The rock type is the first factor, if not a dominant one, in the chemical 
denudation (Meybeck, 1987). However, the fundamental links between the chemical 
weathering and source rock types is tricky to define as suggested by Li and Yang 
(2010). because the heterogeneous parent rocks cause the variable compositions of 
source rocks subject to weathering in different catchments. The relationship between 
physical weathering and chemical weathering largely depends on the climate regime 
(Stallard and Edmond. 1983). Higher temperatures significantly enhance the rate of 
mineral decomposition and the potential for minerals such as plagioclase and 
potassium feldspar to undergo hydrolysis. It is assumed that in the absence of plants, 
the enhancement of temperature and heavy rainfall must have contributed to a high 
degree of weathering. In the tectonically active catchment, the physical weathering 
exerts a dominant control on chemical weathering, while in a transport-limited 
regime. physical weathering plays a minor role on chemical denudation (Viers et al., 
2009). 
Various geochemical proxies such as CIW (chemical index of weathering), 
Pl%V (plagioclase index of weathering), WIP (weathering index of parker), CIA 
(Chemical Index of Alteration) have been proposed by geoscientists to study the 
intensity of chemical weathering on continents (Parker, 1970; Nesbitt and Young, 
1982. 1989: Harnois, 1988; redo et al., 1995; Hamdan and Burnham, 1996; Nesbitt 
et al.. 1996: Gaillardet et al., 1999, Duzgoren-Aydin et al., 2002; Millot et al., 2002; 
Price and Velbel. 2003; von Eynatten et al., 2003), primarily based upon the 
variable geochemical behaviour of specific elements and isotopes in a hypergenic 
environment. Among these weathering indices, the CIA of Nesbitt and Young (1982) 
and WIP (first introduced by Parker in 1970 and later modified by Hamdan and 
Burnham. 1996) are the two most commonly applied indices. CIA as a proxy cannot 
directly reflect the instantaneous chemical weathering on continents but indicates the 
integrated weathering intensity registered in sediments with superimposed grain-size 
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effects ( Shao and Yang. 2012: Garzanti et al.. 2013). Thus, one should be prudent in 
using the CIA and WIP as reliable proxies to reconstruct the paleoweathering intensity 
and paleoclimate changes at short time scales. 
5.2.1.Chemical Index of Alteration (CIA): 
The degree of chemical weathering in sedimentary rocks can be evaluated by 
examining the relationships among alkali and alkaline earth elements (Nesbitt and 
Young 1982). During weathering calcium, sodium, and potassium are largely 
removed from feldspars (Nesbitt et al., 1980). The most pertinent and widely used 
paleo-weathering index, given by Nesbitt and Young (1982), popularly known as 
chemical index of alteration (CIA) where CIA= (Al20;/Al203+CaO* +Na,O+ K,O) 
x 100 was used to calculate the degree of chemical weathering in the source area. 
Element abundances in CIA are expressed as molar proportions and CaO* 
representing the Ca associated with silicate mineral/non—carbonate fraction of the 
sediments. As some of the representative samples contain CaO* greater than 1. there 
will be a chance of presence of organic content or presence of Ca in carbonates 
(calcite. dolomite), it is necessary to make correction to the measured CaO content in 
the samples. For this purpose corrections were made by assuming reasonable Ca/Na 
ratios in silicate material following the method proposed by McLennan (1993). In 
this method. CaO was initially corrected for phosphate using available P205 data 
(CaO* =mole CaO — mole P205 x 10/3). If the CaO number of moles is less than 
that of Na-,O, this CaO value was adopted. If the number of moles of Cao is greater 
than Na20, CaO* was assumed to be equivalent to Na2O. The CIA values of 
approximately 45-55 indicate virtually no weathering, while a value of 100 indicates 
intense weathering with the complete removal of alkali and alkaline earth elements 
from the parent rocks (McLennan, 1993). It can be noticed from the table that UCC 
shows CIA values of 47 whereas PAAS values range from 70-75. Generally, the 
higher CIA values mean stronger silicate weathering, but studies show that a linear 
relationship is difficult to establish between weathering intensity and the CIA value 
(Von Eynatten et al.. 2003). Furthermore, the CIA is dependent on the 
geochemistry and lithology of the unweathered parent rock and on the character of 
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weathered sediment (Price and Velbel, 2003. Garzanti et al., 2010). Apparently, 
clave% sediment may have a greater CIA value than sandy sediment, which implies 
that sediment grain size may have a significant effect on CIA estimation. Generally 
the low values of CIA indicate near absence of chemical weathering and consequently 
reflect cool or and condition. CIA values for the unaltered plagioclase and K-
feldspar are approximately equal to 50 and values of 100 indicates complete 
conversion of feldspars to clay minerals like gibbsite and kaolinite (Fedo et al., 1995). 
Weathering of upper crustal rocks can be divided in to at least three stages (Taylor 
and McLennan, 1985). Early stage, which is dominated by the primary minerals and 
formation of amorphous phases, chlorite and complex clay minerals such as smectite, 
vermiculite. illite, with high cation exchange capacity; and secondly Intermediate 
stage. dominated by complex clay minerals, particularly smectite with lesser amount 
of illite and Late stage, in which clay fraction is dominated by kaolinite, gibbsite, 
quartz. iron oxide mineralogy. The above discussion indicates that there is a direct 
link between degree of' weathering and clay mineralogy. To determine the clay 
mineralogy in Spiti shales, SEM and XRD studies were carried out at University 
Sophisticated Instrumentation Laboratory. Department of Physics, Aligarh Muslim 
University. Aligarh. The SEM and XRD interpretations show the presence of Illite 
and Chlorite (Fig. 5.3a.b) as the dominant clay minerals in the Spiti sediments, which 
in turn depicts that these rocks have underwent low to moderate degree of weathering 
and this observation supplements the conclusions based on CIA values of the study 
area. The calculated CIA values 52-78 and 54 -74, respectively for the Permo-
Carboniferous black shales and sandstones of Sipiti area, Tethys Himalaya, suggest 
that the source rocks underwent tow to moderate weathering. 
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Fig. 5.3- SEM & XRD studies of Spiti shales. 
5.2.2. Weathering Index of Parker (WIP): 
The WIP was used for evaluating the weathering intensity of silicate rocks 
based upon the proportions of alkali and alkaline earth elements in weathered products 
(Parker, 1970, Harridan and Burnham 1996). The WIP is defined as: 
2Na20 MgO 2K20 CaO 
WIP = 100 x ( 	+ 	+ 	+ 0.35 	0.9 	0.25 	0.7 
where the concentrations are represented in molar proportions with CaO being 
the content in the silicate fraction of the sample. According to the WIP definition, the 
smaller WIP values indicate stronger chemical weathering, which is opposite to CIA 
values. This index has been suggested to be most appropriate for the application to 
weathering profiles on heterogeneous parent rocks and is most likely not applicable to 
highly weathered mantles, because its formulation includes only highly mobile alkali 
and alkaline elements (Hamdan and Burnham, 1996. Duzgoren-Aydin et al.. 2002: 
Price and Velbel. 2003). Considering the mobility of aluminium during chemical 
weathering, some studies suggested that the WIP may be more appropriate for 
evaluating weathering intensity than for the CIA. although both indices correlate well 
(Duzgoren-Aydin et al.. 2002: Price and Velbel, 2003). 
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The ',N'IP values of the Spit) sandstones and black shales show wide ranges of 
values that vary from I to 59 and 22 to 84. respectively, thus substantiating the above 
inference based on clay' mineralogy and CIA. 
5.2.3. Chemical Index of Weathering (CIW): 
Harnois (1988) has proposed the CIW index which is not sensitive to post 
depositional K-enrichments. It is defined as CIW= [A1203/ (A1203+ CaO* + Na20)] 
{ 100 and CaO* is the amount of CaO incorporated in the silicate fraction only. 
Comparable to the CIA, it is a molecular immobile-mobile ratio, based on the 
assumption that Al remains in the system and accumulates in the residue while Ca and 
Na are leached away. CIW index avoids the problems related to the remobilization of 
K during diagenesis or metamorphism. This index does not incorporate potassium 
because it may be leached or it may accumulate in the residue during weathering. 
CIW index increases with the degree of depletion of Na and Ca in the sediment 
relative to the Al. CIW values for the source rock and sediment reflects the amounts 
of chemical weathering experienced by the weathered material. In comparison to 
other weathering indices it is a superior method involving restricted number of 
components which have simple well known and consistent geochemical behaviour 
during weathering. Citing the K enrichment problem, numerous authors have used the 
CIW in preference to the CIA as weathering index (e.g., Condie et al., 1992; 
Maynard. 1992; Condie. 1993: Sreenivas and Srinivasan, 1994). Most strikingly, 
unweathered potassic granite has a CIW of 80 and fresh K-feldspar has a CIW of 100, 
similar to values for residual products of chemical weathering (smectite CIW = 80; 
kaolinite. 	illite, and gibbsite CIW = 100). It is clear that the use of the CIW 
calculation to quantify chemical weathering intensity is inappropriate. The CIW 
values of Spiti sandstones and black shales show a range of values from 60 to 95, 66 
to 97 respectively, thus indicating very less K-metasowatism effect on the samples of 
study area. 
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5.2.4. Plagioclase Index of Alteration (PIA): 
This index was proposed by Fedo and coauthors (1995) as an alternative to the 
CI W because plagioclase is abundant in silicate rocks and dissolves relatively rapidly, 
the PIA may he used when plagioclase weathering needs to be monitored. PIA = 
[(AI2OJ-K2O)/(AhO3+CaO*+ Na20- K20)]*100 values are widely used to quantify 
the degree of source rock weathering of sedimentary rocks. The maximum PIA value 
is 100 for completely altered material (kaolinite, gibbsite) and unweathered 
plagioclase has a PIA value of 50. This implies that with increasing chemical 
weathering, the sediments are steadily depleted in plagioclases and enriched in 
secondary aluminous clay minerals. PIA values of Spiti sandstones vary from 47 -93 
while as the black shales show 62-93, indicating varied degree of chemical 
weathering in the source region. 
5.3. A-CN-K diagram: 
The A-CN-K diagram is useful for evaluating fresh rock compositions and 
examining their weathering trends because the upper crust is dominated by 
plagioclase- and K-feldspar—rich rocks and clay minerals (Fedo et al., 1995). Both the 
amount of K enrichment and the palcoweathering index prior to such enrichment can 
be ascertained from the A-CN-K plot, because K enrichment involves addition of K20 
to aluminous clays. The A-CN-K triangle also can be used to constrain initial 
compositions of source rocks. Many weathering profiles show a linear trend 
subparallel to the A-CN join in the A-CN-K triangle (e.g., Nesbitt and Young, 1984). 
In the absence of K metasomatism. a line extended through the data points intersects 
the feldspar join at a point that shows the proportion of plagioclase and K-feldspar of 
the fresh rock. This proportion yields a good indication of the type of parent rock 
(Fedo et al., 1995). 
Variable degrees of chemical weathering in the source rocks of these 
sandstones and black shales is very well displayed in the A-CN-K (A1203-
(CaO Na20)-K20) triangular diagram (Fig. 5.4) where the samples plot very close to 
plagioclase- feldspar join (indicating low degree of weathering) and average ideal 
118 
shale %alues close to illite-muscovite mineral compositions (suggesting moderate to 
high degree of weathering). These compositional variations in the A-CN-K ternary 
Not are also consistent with both the mineralogy and increasing maturity of sediments 
(Table-4.2). Most samples in the figure 5.4 plot along typical granitoid weathering 
trend with slight displacement towards A-K line, suggesting the loss of Ca and Na 
from essentially plagioclase feldspar during progressive weathering of granitoid like 
Source rocks. Substantial displacement observed in some samples towards A-K line, 
further suggests, addition of K during deposition and diagenesis. This shifting of some 
samples from the predicted weathering trends towards A-K line (dashed line) 
indicating K-metasomatism in the samples, while as advanced weathering show a 
marked loss in alkalies as compositions move towards the A1203 apex. which is also 
evident in the petrographic studies where Ca/Na in plagioclase is replaced by K, this 
causes no change in CIA values. Instead of clustering at one point, a consistent spread 
of Permo-Carboniferous sandstones and black shales following the trend from granitic 
to Granodiorite in the A- CN-K plot can be noticed, which may probably resulted 
from the derivation of the rocks from different sources and also such variations can be 
mainly accounted for in terms of climate change (discussed latter) in their provenance 
areas, thus indicating the climatic variability in the source region over time. 
During weathering, apart from the alkalies and alkaline earth elements 
discussed above, other elements such as Th and U and their ratios are effected. 
particularly. Tb/U ratio of sedimentary rocks are expected to increase with increasing 
weathering due to the oxidation and loss of U (Taylor and McLennan 1985, 
McLennan et at. 1990,1995). Dramatic increase in the Th/U ratios of these sandstones 
(>40. Table 3); significantly higher than UCC values of 4, are consistent with a 
combination of quartz dilution and advanced weathering (McLennan et at. 1993). 
which is also reflected in the UCC normalized diagram (Fig. 4.4) where the samples 
show a pronounced negative U anomalies. 
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Fig. 5.4- A(Al2())-(N(('aO+Na-O) K(K2O) diagram (after Nesbitt & Young. 1984) 
of Permo-Carboniferous sandstones and black shales from the Spiti region, Tethys 
I limalaya. Arrows showing the weathering trends of basalt, andesite. granodiorite and 
granite. 
5.4. Tectonic Setting: 
Identifying strong relationship between sedimentary rock geochemistry and 
plate tectonics is the result of long endeavourers of sedimentologists and geochemists. 
Previous workers have explored the use of geochemical discriminants in terigcnious 
clastic sedimentary rocks and their relationship to tectonic setting. One of the first to 
recognize the tectonic implications in geochemistry was Middleton (1960), who 
grouped sedimentary rocks particularly sandstones on the basis of' tectonics into 
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taphrogeosynclinal, eugeosynclinal, and exogeosynclinal sedimentary sources, mainly 
based on K2O/Na2O and alkali/A1203 ratios. Dickinson and Suczek (1979), Bhatia 
(1983) studied geochemical compositions of silicielastic sediments and noticed trends 
of major elements in clastic sediments of different tectonic settings. In particular, 
Bhatia (1983) saw a progressive decrease in Fe203 + MgO, Ti02, A1203/Si02, and an 
increase in K20/hia20 and A1203/(CaO + Na2O) in sedimentary rocks from oceanic 
island are to continental island arc to active continental margins to passive margins. 
He then used the discriminating parameters such as: (i) Fe203 -f  MgO vs. TiO2 ; (ii) 
Fe203 + MgO vs. K20/Na20; (iii) Fe203 + MgO vs. A1203/S102; (iv) Fe203 + MgO 
vs. Al103/(CaO F Na2O) and many discriminant diagrams were proposed . However, 
these results may be restricted to specific sedimentary rocks, because Bhatia (1983) 
only analyzed greywacke-type sandstones within particular Paleozoic basins. The 
work of Bhatia (1985) showed that ratios of SiO,/A1203 and K20/Na,O increased with 
sandstone and mudstone maturity, which is partially due to the change in the dominant 
source rock. Similarly, the work of Roser and Korsch (1985) took omission to some 
Bhatia's (1983) conclusions, claiming that some of the discriminant function values 
are not correct as the effect of grain size on chemical composition was not taken into 
account and presented their own chemical model on the basis of K20/Na20 ratios and 
SiO2 content, which enables them to discriminate among samples from three main 
tectonic provenances. Roser and Korsch (1986) defined various tectonic settings as: 
(a) Passive continental margin (PM) (mineralogically mature quartz rich) sediments 
deposited in plate interiors at stable continental margins or intra-cratonic basins 
(mainly derived from recycled sedimentary and metamorphic source rocks); (b) active 
continental Margin (ACM) sediment with intermediate quartz content derived from 
tectonically active continental margins and deposited on or adjacent to active plate 
boundaries (e.g. trench, forearc and backare setting), and (C) ocanic island arc (OIC), 
quartz poor volcanogenic sediments derived from oceanic islands and deposited in a 
variety of setting including forcare, intra-arc and backarc basins etc. (mainly source 
from clack alkaline or tholeiitic rocks). Using trace element analyses Bhatia and 
Crook (1986) noted increases in the LREE and a decrease in V, Sc, and the Ba/Rb, 
K/Th, and Kit ratios from Oceanic Island Are (OIA) to Continental Island Arc (CIA) 
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to Active Continental Margin (ACM) to Passive Margin (PM) settings. McLennan et 
al. (1993) looked at several geochemical approaches useful in provenance, tectonic 
and sedimentation research and mentioned several advantages of geochemical 
approach over petrographical methods, namely, (I) the ability to analyze fine and 
coarse grained rocks, (2) the ability to analyze heavily altered rocks, (3) the ability to 
use key trace elements or isotopes in identifying exotic components not readily 
recognized and (4) the ability to constrain both provenance age and geochemical 
history. 
Petrographic approach when coupled with reliable geochemical discriminators 
will provide dependable and accurate interpretations. The relationship between 
sandstone compositions and tectonic setting was documented by Dickinson and 
Suczek (1979), and Dickinson et al. (1983). Dickinson and Suczek (1979) showed 
that plotting the detrital framework modes of sandstone suites on QFL and QmFLt 
ternary diagrams results in information about the tectonic setting of depositional 
basins and their associated provenance. The QFL diagram. which plots quartz (Q), 
feldspar (F) and lithic fragments (L), is divided into three main fields, each with three 
sub-fields, with the exception of the Recycled Orogen field. The three main fields are 
representative of three different types of tectonic regime, namely, "continental 
blocks," `magmatic arcs," and "recycled orogens". In general, sediments derived from 
continental interiors and deposited within intracratonic basins or along passive 
margins are rich in detrital quartz and poor in lithic fragments, especially volcanic 
lithics. Clastic sediment derived from recycled orogens is commonly more felsic than 
craton-derived sediment, even though the depositional setting on passive margins may 
be the same. Clastic sediments derived from volcanic arcs (continental or oceanic) are 
typically poor in detrital quartz and rich in volcanic lithics. 
Several field-based previous studies in the Spiti region show that the 
Carboniferous-Lower Permian succession of the Tethys Himalaya was deposited in a 
continental rill sequence documenting the incipient birth of Neo-tethys. which began 
to open in the mid-Sakmarian (Sciumtach and Garzanti, 2012; Myrow et al., 2006). 
The Neotethyan succession according to Sciunnach and Garzanti (2012) can be 
subdivided into a rift sequence (Mississippian to lowermost Permian) and a 
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drift sequence (upper Lower Permian to Paleocene), eventually' capped by 
to erinost Eucene syn-collisional sediments. The rift sequence: documents 
the tectonic and magmatic processes that culminated in continental break-up and 
spreading of Neotethyan ocean floors. The drift sequence records the sedimentation 
and subsidence history of the northern passive continental margin of Gondwana, until 
final collision with the Transhimaiayan active margin of Eurasia close to the 
Paleocene/Eocene boundary (Garianti et al., 1987; Klootwijk et al., 1992; Zhu et 
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constrain the tectonic setting and provenance for the deposition of Permo-
Carhoniferous siliciclastic sedimentary rock, of the Tethys Himalaya. High silica 
contents and K20/Na20 ratios (>1) of these sandstones and black shales are consistent 
with passive margin tectonic setting I Fig. 5,51 as defined by Roser and Korseh (19X6). 
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Fig. 5.5-Tectonic setting diagram (after Roser and Korsch, 1986) of siliciclastic 
sedimentary rocks from the Spiti region, Tethys Himalaya. 
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Since this diagram contains most mobile components (such as NaoO and CaO) 
among major elements which in sedimentary processes as well as post depositional 
processes such as weathering diagenesis and metamorphism may cause some changes 
of these elements, tectonic discrimination diagram consisting of immobile trace 
elements have been used to complement the inferences made from the mobile major 
elements. In this respect discrimination diagrams dealing with the trace elements 
particularly those with relatively low mobility and low residence time in sea water and 
most importantly are transferred quantitatively in to elastic sediments such as La, Sc, 
Th. Zr, Ti are thus useful diagrams for both provenance and tectonic setting (Taylor 
and McLennan. 1985, McLennan et al. 1990; Bhatia and Crook, 1986). All the 
sandstone samples, except few, from the Spiti region lie within the passive margin 
field in La/Sc vs. Ti/Zr, (Fig. 5.6) and La-Th-Se (Fig. 5.7) trace element 
discrimination diagrams, which is in agreement with major element tectonic 
discrimination diagrams. Low La concentration along with Sc causes few samples to 
plot outside the defined tectonic boundaries in La/Sc-Ti/Zr diagram (Fig. 5.6). Bhatia 
and Crook (1986) opined that low Sc concentration and high Zr/Tb ratios of the 
sandstones are the characteristic features of a recycled, passive margin setting with 
plagioclase and unstable mineral depletion. The relatively high Zr/Th ratios (5-25) and 
low Sc concentration (2.5-8 ppm) of the Spin sandstones are consistent with the above 
inference, thus points to recycled, passive margin tectonic setting. The inferences 
drawn from the diagrams based on geochemical data, is also supported by the 
recalculated petrographic data plotted in the ternary diagrams in which the tectonic 
setting of Garzanti ct al. (2007), a refined version of Dickinson and Suzcck (1979), is 
shown. It is evident from the QFL diagram (Fig. 5.8) that the samples fall in the field 
of recycling belonging to continental block provenance, which contains diverse 
sedimentary to low-rank metasedimentary grains as suggested by Garzanti et al. 
(2007). 
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Fig. 5.6- La/Sc vs.Ti/Lr plot for the discrimination of the tectonic setting of the 
Permo- Carboniferous sandstones from the Spiti region, Tethys Himalaya. Note the 
scatter which may be due to sorting. Dotted lines represent the fields for sandstones 
from different tectonic settings (Bhatia and Crook. 1986): A-Oceanic island arc: B-
continental island arc; C-Active continental margin; I)-Passive continental margin. 
I.a 
x 
A 
, 
(c.ix 	 \ 
S.---- _J 
A 
X Black ,hale 
• Sandstone 
'1'h 	 S(' 
Fig. 5.7- Trace element La-"I h-Sc ternary plot for Tethys sandstones. Tectonic 
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Fig. 5.8- "Triangular Q-F-L plot for Permo-Carboniferous sandstones from Spiti 
region, Tethys Himalaya showing different provenance fields (after Garzanti et al.. 
2007). 
From the above discussion, it can be summarized that the overall geochemical 
and petrographical charactiristics of the Spiti sandstones suggest that the tectonic 
setting was a passive margin and the sediments may have been derived from 
unroofing of mostly felsic (granitoid) rocks. 
5.5. Nature of Provenance: 
The ability for provenance-seeking indicators to accurately identity 
provenance and sedimentary processes that influence sediment composition. such as 
weathering and sorting, are paramount to provenance research. The developments of 
petrographic and geochemical indicators extensively help to reconstruct the history of 
bulk compositional provenance. Many investigators (e.g.. Taylor and McLennan. 
1985: Cullers, 2000, Islam, 2002: Rashid. 2005: Alvarez and Roser. 2007: Mishra and 
Sen. 2010) have documented that chemical composition of siliciclastic sedimentary 
rocks is associated to that of their source regions and this principle has been used to 
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describe the source rocks from which the investigated sedimentary rocks were 
derived. Taylor and McLennan (1981) noted that elements with low solubility and 
mobility preserve a stronger record of the source rock composition than elements that 
are readily soluble. Because trace elements, such as rare earth elements and select high 
field strength elements (HFSF.) are considered relatively immobile and are thought to 
not fractionate appreciably during weathering (Taylor and McLennan, 1985). 
Although major elements (enriched SiO2, K20, and depleted MgO, Fe203, 
Ti02 and CaO) and trace element abundances (low concentration of mafic elements 
and relatively high felsic components) and detrital modes (large amount of 
monocrystalline quartz, some of those with undulosc extinction, felsic rock fragments 
and absence of mafic components) of sandstones from Spiti region suggests felsic 
rocks as provenance for these sandstones, some standard diagrams and major and 
trace element ratios have been used to further substantiate these inferences. In figure 
5.9, the majority of sandstones and shales of the present study plot in the fields of 
quartzose sedimentary and lelsic igneous provenance, except two samples of Po 
Formation which plot in the mafic igneous provenance and in intermediate igneous 
provenance. This may he due to increase in abundance of mafic elements such as iron 
and magnesium in these two samples. 
This inference can further be conformed from the A1203/TiO2 ratios of the 
clastic rocks that are essentially used to infer the source rock compositions, since At 
and Ti are immobile elements and behave similarly during residual weathering and 
fluvial transport (Taylor and McLennan, 1985). Titanium is mainly concentrated in 
phyllosilicates (Candle et al., 1992) and is relatively immobile compared to other 
elements during various sedimentary processes and may strongly represent the source 
rocks. The A12031TiO2 ratios ranging from 3 to 8 indicate mafic igneous rocks, from 8 
to 21 (intermediate ratios) intermediate rocks, and from 21 to70 high (values) 
represent felsic igneous rocks (Hayashi et al.. 1997). McLennan et al. (1980), 
recognizing the significance of Al and Ti in provenance studies, proposed A1,03 
versus TiO2 bivariate discrimination diagram to constrain the provenance of 
siliciclastic rocks. On 	this diagram, shales of 	the present study plot along 
granodioritic to granite trend line (Fig. 5.10). 
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The trace elemental characteristics of the sandstones also place some 
constraints on the nature of the source. Particularly elements with contrasting 
behaviors (i.c compatible vs. incompatible) such as 1h, Sc, Co, Cr and La are helpful 
indicators of the bulk composition of the provenance (McLennan et al, 1993). For 
example a low'th/Se ratio (<I) indicates a mafic source which is usually enriched in 
compatible elements (e.g. Sc), while the incompatibility of Tb would result in higher 
concentrations at well differentiated felsic rocks (Th/Sc=1; Taylor and McLennan, 
1985). Further basic source rocks contain significantly higher concentration of the 
immobile trace elements Sc, Co and Cr and lower concentration of the trace elements, 
La and Th. than felsic rocks (Condie and Wronkicwiez, 1990). Therefore the 
elemental ratios Eu/Eu*, La/Sc, Th/Co and Cr/Th are significantly different in basic 
and silicic source rocks and the weathered debris derived from them (Cable 4 of 
Cullers, 1994). Among these ratios, particularly Cr/Th ratios are considered to be 
more sensitive to variations in provenance than any of the other ratios (Condie and 
Wronkiewiez, 1990). Cullers (1994) while studying recent sediments and their source 
rock geochemistry, noticed that source granitoid with Cr/Th ratios from about o.4 to 6 
have clay to sand sized fractions in soils and stream sediments that range from (0.25 to 
7.7). In contrast weathering of amphibolites with Cr/Th ratios of 1100 and lesser input 
from silicic sources produced sands with Cr/Th ratios of 22 to 100. The CriTh ratios 
of Spiti sandstones and black shales ranging from 3.2 to 9.2 and 3.6 to 9.07 
respectively, thus strongly suggest to have been derived from mainly silicic source 
rocks. Very low concentration of Th (=1.31 ppm) in one sample (LSP-1, Table 4.1) 
compared to the other samples from the same formation has however resulted in 
higher Cr/'Fh ratios (40.4) in this sample. 
McLennan and Taylor (1980) made an attempt to see the relation between La 
and Th in sedimentary rocks through ages. They found a conspicuous compositional 
relationship for La/Th and Th/Yb; LaaPh values increases and Th/Yb decreases 
towards more mafic composition. In other words Archean crustal rocks being 
relatively mafic in composition should show increase in values of La/Th and decrease 
in Th/Yb ratios and vice versa to the post-Archean sediments. this observation has 
been confirmed by McLennan and Taylor (1980) by analysing the elastic sedimentary 
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rock of widely varying age. Our results are also in harmony with the studies carried 
out elsewhere in the world. The correlation between La and Th in the sedimentary 
rocks is shown in (Fig. 5.(1); all our samples have the ratios which fall between 
La/Th=2 and La)Th = 4, average La&Th and Th/Yb values determined for the Tethyan 
Himalayan clastic sedimentary rocks are 2.34 and 8, respectively which correspond to 
a relatively felsic composition (La/Th and Th/Yb values of an international standard 
G-2 are 2.3 and 27, respectively, (data from the table of McLennan and Taylor, 1980). 
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Fig. 5.11- La vs. Th diagram (after McLennan et at., 1980) for the Spiti sedimentary 
rocks. It can be noticed that the Spiti samples fall in between 2-4 La/Th ratios. 
Further the non reliable and commonly used trace element plots, which 
discriminates sandstones and black shales derived mostly from felsic to mafic source 
rocks, have also been used. The Spiti siliciclastic sedimentary rocks composing of 
sandstones and black shales of this study from Tethys Himalaya all fall well within 
the fields of felsic source rocks in the 1f-La/Th (Fig. 5.12) diagrams, further depicting 
their derivation essentially from felsic source rocks. 
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Fig. 5.12- Hf-La/Th diagram (after Floyd and Leveridgc, 1987) of the Permo 
Carboniferous sandstones from the Spiti region, Tethys Himalaya. 
The role of heavy mineral concentration and compositional variation in the 
provenance can be evaluated by using Zr/Se and Th/Sc ratios and a diagram proposed 
by McLennan et at. (1993) where Zr/Se is plotted against Th/Sc, which depicts the 
relation between the compositional variation and the concentration of heavy minerals 
or sediment recycling. The compositional variation will depend on the relative 
enrichment of heavy minerals due to sorting processes during sedimentation, and in 
this case, zircon enrichment is represented by an increase of Zr/Sc ratio. A linear 
relationship with a greater dispersion of the Spiti sandstones often towards higher 
1h/Sc and Zr/Sc ratios can be observed (Fig. 5.13) indicating compositional variation 
without zircon enrichment in the samples. This trend, in turn, suggests that the Spiti 
sandstones have not undergone intra-basin recycling (McLennan et al., 1993). 
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Fig. 5.13- Th/Sc versus Zr/Sc diagram for Permo-Carboniferous clastic sediments 
from the Spiti region, Tethys Himalaya. 
Sedimentary provenance studies have focused on the use and limitations of 
rare earth elements as provenance indicators for more than thirty years (Cullers et al., 
1979; McLennan et al., 1979; Taylor et al., 1986; Condie et al., 1991; Singh and 
Rajamani, 2001: Lawrence and Kanrber. 2006). Although REE mobilization can occur 
during chemical weathering of bedrock. source bedrock REE signatures are preserved 
in the weathering profile because there is no net loss of REE abundance (Condie et al., 
1991; Cullers, 1995: Compton et al., 2003; Kutterolf et al., 2008). Because of this, 
REE ratios (e.g. La/Yb, Gd/Yb, La)Sm, Eu/Eu*) of sediments are considered to 
resemble provenance and are commonly used to determine bulk source composition 
(Taylor and McLennan. 1985; Cullers, 1988; Fedo et al.. 1996; Singly and Rajamani, 
2001; Kittterolf et al.. 2008). The significant characteristics of the Spiti sandstones 
and black shales such as remarkable enrichment of LRFEs. the distinct negative Eu 
anomalies and flat HREE patterns (Fig. 5.14) are consistent with their derivation from 
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an older upper continental crust composed chiefly of felsic components. Also the 
negative Lu anomalies indicate that intra-crustal differentiation such as partial melting 
or fractional crystallization, involving separation of plagioclase, had affected the 
source rocks. 
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Fig. 5.14- Chondrite-normalized REF patterns of the Permo-Carboniferous Spiti 
sedimentary rocks. Chondrite values from Sun and Mc Uonough (1989). 
Among the accessory minerals generally found in granitoids. monazite (Ce, 
La. Nd. 'ft. PO4) with usually a Ce:La ratio of 2:1 is very common. l'he strong 
correlation between La and Ce (r` = 0.98) and La and 'Iih (0.9) in the Permo-
Carboniferous Spiti sandstones and with an average La/Ce ratio from 0.45 to 0. 55 
very close to the UCC (0.47) and PAAS (0.48) ratios suggest to the inclusion of La 
and Th into monazite. The suggested felsic source rocks for these sandstones are also 
consistent with the dominant suharkose to quartzarenitic sandstone compositions with 
abundant silicic rock clasts and absent mafic rock clasts observed in sandstones. 
5.6. Provenance of the Sedimentary Rocks: 
In sedimentary petrology, the term provenance has been used to encompass all 
factors related to the production of sediment, with specific reference to the 
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:omposition of the parent rocks as well as the physiography and climate of the source 
area from which sediments are derived. The intention of sedimentary provenance 
studies is to reconstruct and to understand the history of sediment from the initial 
erosion of parent rocks to the final burial of their detritus. i.e.. to unravel the line of 
descent or lineage of the sediment under investigation. 
The main difficulty of sedimentary provenance analysis originates from the 
fact that sediments do not provide exact image of their source, implying that 
parameters other than parent lithology determine their final composition (e.g., Suttner, 
1974; Johnsson 1993; Cox and Lowe, 1995). Compositional and textural 
characteristics of the initial detritus are modified by abrasion and sorting during 
transport. Chemical alteration acts as important sediment modifier throughout 
transportation during temporary storage of the sediment in alluvial systems 
(Johnsson and Meade, 1990), thereby further obscuring the original detrital 
spectrum. According to Waltje and Eynatten (2004) mixing of detritus from multiple 
sources may further modify the initial sediment characteristics, especially when 
dispersal pathways are complex and involve recycling of previously deposited 
sediments. At the site of deposition. an environmental signature (e.g.. bioclasts. 
glauconite) may be added to the sediment causing. for the first time, a compositional 
change that is essentially unrelated to the initial detrital spectrum. When dealing 
with ancient (lithified) sediments, the role of diagenetic changes after deposition 
and burial should also be taken into account. During diagenesis, detrital mineral 
phases are subject to further alteration. the so-called intrastratal solution, whilst 
authigenic phases may precipitate. These post-depositional processes are largely 
controlled by the composition and texture of the sediment (grain-size 
distribution, grain shapes and packing density control permeability). but also by the 
amount and rates of subsidence (burial history). as well as by the chemistry of 
migrating fluids within the basin (Giles, 1997). The ultimate properties of sediment 
thus reflect the parent lithology and the entire history of its modifications by 
weathering, recycling. transport, mixing, deposition and diagenesis. Thus the 
complex network of relations between source and sediment may never he completely 
unravelled, because a substantial amount of information is invariably lost by the 
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wide range of compositional and textural modifications that ailect the detrital 
spectrum along the pathway from source to basin. The complexity of these 
interdependent modifications imposes certain limits on our capability to infer the 
characteristics of source areas from the properties of their products. Whole-rock 
geochemistry has both advantages and disadvantages relative to detrital modes 
obtained by point counting. The rapid achievement of a large number of variables 
with high precision and the applicability to both coarse and tine grained sediments are 
distinct advantages. The main disadvantages of whole-rock chemical analysis 
relative to modal analysis is its inability to separate detrital from authigenic elements 
and its inability to subdivide chemically similar grains according to textural criteria. 
Analytical approaches to provenance analysis of these sediments are usually restricted 
to whole-rock methods supplying data on bulk mineralogy, bulk chemistry and bulk 
isotopic ratios (e.g., Garver et al. 1996; Bock ct al. 2000). In spite of these 
methodological restrictions, fine-grained sediments play an important role in 
provenance studies because of (1) the predominance of pelitic rocks in sedimentary 
basins. (2) the efficiency of mixing during suspension transport that causes mud-
derived provenance signals to be much more representative than sand-based 
provenance signals and (3) a usually much lower permeability of muds relative to 
sands, which reduces the extent of diagenetic modification (Blatt, 1985). 
Provenance analysis is the key to unravel the sedimentary record, moving 
ideally back up from sink to source to reconstruct landscapes that no longer exist. 
and to reveal the mechanisms that force paleoeeographic change. Various detrital-
geochronology techniques provide us with a time structure of the source at different 
timescales, whereas detrital petrography and mineralogy tell us about the lithological 
structure of the source, used as a proxy for geodynamic setting. But to improve our 
chances of success we need to sharpen our approach by starting from modem 
environments, where we can assuredly know the specific source rocks, their tectonic 
context, 	climatic 	conditions, 	and transportation and depositional systems 
(Garzanti. et al., 2014). Mineralogical components may also provide valuable insight 
into sediment provenance, particularly where the distinct source lithologies are 
present (Bhatia and Crook, 1986, Roser and Korsch, 1986). Further, many studies 
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have revealed that framework modes of terrigenous sandstones reveal provenance 
differences that depend upon plate tectonics. The main assumption behind provenance 
studies is that different tectonic settings contain their own rock types. which when 
eroded, produce sediments with specific compositional ranges (e.g.. Dickinson and 
Suczek. 1979: Dickinson et al.. 1983: Dickinson. 1985). Petrographic investigations 
of Spiti sandstones revealed that the average quartz content of the sandstones is 
greater than 75%. Rock fragments are abundant as compared to feldspar which varies 
from 0-15 % with sedimentary and meta-sedimentary rock fragments dominated by 
chert, and occasional phyllite, schist and slate as metamorphic fragments (Fig. 5.15). 
Mono-crystalline quartz is the most abundant framework grain, whereas few 
polycrystalline quartz grains were also identified. Most of the monocrystallInc quartz 
is of straight to slightly undulatory extinction, with or without inclusions, the most 
common inclusions are rutile. zircon, muscovite. apatite and iron oxides. Quartz types. 
inclusions and undulosity indicate their derivation from a dominantly plutonic 
(granitic) provenance with subordinate input From low rank metamorphic rocks (Base 
et al., 1975). The main features described above such as the K-feldspar contents. 
zircon typology. the mono-crystalline and polycrystalline quartz grains and 
metamorphic rock fragments imply a mixed origin from plutonic and medium to high 
grade metamorphic rocks for the Spiti sediments. Furthermore. the evidence of 
recycling (rounded zircon and rounded overgrowths in some quartz grains) (Fig. 5.15-
c. b, g) indicate that quartz rich sedimentary rocks should be considered as one of the 
major source rocks. The above discussion, based on petrography. clearly points 
towards the varied sources (although all are felsic in nature) for the Spiti sandstones, 
such as quartzose sedimentary rocks. metamorphic granitic gneisses and plutonic 
igneous rocks (granitic). This in turn probably indicates that a terrain(s) consisting of 
a package of rocks comprising of granites and gneisses associated with sedimentary 
rocks occurring on the Indian craton may have supplied detritus to the Spiti basin. 
These observations are in agreement with studies carried out by various workers in 
different parts of the Tethys basin from Kashmir (west) region to Nepal (east) region 
(Garzanti et al, 1986: Srikantia and Bargava. 1998: Bagati et al.. 1991: Bhargava and 
Bassi, 1998: Myrow et al., 2006, 2010). The morphology of detrital modes in the Spiti 
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sandstones such as very well rounded (recycled) zircons (Fig. 5.15) to angular 
tragnlents occurring in a same (i'o) l orW1afiQH: strop i indicate dual sources lur the 
sediments. One source is a dominantly plutonic source, probably occurring near to the 
basin (with short transportation) and the other more distant granitoid- gneiss source, 
representing long transportation. 
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Fig. 5.15- Thin section photomicrographs of sandstones from the Spiti region, Tethys 
IIimalaya showing monocrystalline quartz (q) as dominant framework grain, stretched 
quartz (sq). plagioclase (pl) and microclinc (or). rock fragment. includes chert (ch) 
meta-sedimentary rock fragments (ms) carbonate rock fragment (c) and zircon (z). 
tourmaline (tr). 
Extensive studies of the 'Tethys sediments by various scientists (13agati et al.. 
1991: Bhargava and Bassi. 1998: Myrow et al., 2006) from different parts of the basin 
that are mainly based on structurally corrected cross-bedding (Paleocurrent) 
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measurements and groove casts and flute casts (Draganits et al., 2008) show 
dominantly transport directions from south-south west to north-north east. The 
geochronological studies from various parts of the Tethys basin by Myrow et al. 
(2010); Kohn et al. (2010); Long et al. (2011) have documented zircons of Proterozoic 
(1.9-1.8 Ga) and Cambro-Ordovician (nearly 500 Ma) ages and they attribute the 
source of these zircons could be from the Proterozoic (Fig. 5.16) and Cambro-
Ordovician oroeenic granites from the Lesser and Higher Himalayan regions. 
According to Garcanti at al. (1986) the sharp transition from the turbidite to the 
conglomerates, with unconformable relationships documented in the Spiti region, 
suggests uplift of a mountain range and erosion of deformed sedimentary sequences. 
This orogenic event can be dated as Late Cambrian to Early Ordovician and thus 
correlates with emplacement of Late pan-African granitoids (radiometric ages around 
500 Ma) and associated fold thrust deformation and high grade metamorphism 
(Mehta, 1978). The occurrence of Early Paleozoic granites with high initial Sr&r/ Sr86 
ratios in the Himalayan Crystailines and in the Lesser Himalaya (Rhanot et al.. 1979; 
Trivedi ct al., 1984) as well as petrographic composition of these formations lend 
support to the observations of Jain at al. (1980), who suggested uplift of the Lesser 
Himalaya in the Early Paleozoic. with erosion of the thick Vindhyan clastic prism. 
This southern sedimentary ridge, mostly made of quartzose sandstones and carbonates 
(Sakai, 1985), may have represented an important source of clastic detritus from the 
Ordovician onward. in a processes of testing this model, a striking similarities 
between the trace elements (including REEs) patterns of the Spiti sandstones, 
blackshales and different Proterozoic and Pan- African granitoids (Fig. 5.17) 
strongly support the hypothesis suggested by earlier workers that the upliftment, 
unroofing and erosion of these S-type Syn-cotlisional (Sharma and Rashid, 2001) 
granites from the Proterozoic and Pan-African granitoid belts may have supplied 
ample detritus to the 'I ethyan sedimentary basin. 
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Fig. 5.16-Geological map (after Sharma. 1983) showing the occurrences of 
Paleoproterozoic granitoids along the lesser Himalayan. Sources of age data: 1-
'l'reloar and Rex (1990); 2—Zeitler et al. (1989); 3—Bhanot et al. (1988); 4—Frank 
et al. (1977); 5— Singh et al. (1993); 6—Raju et al. (1982) and Trivedi et al. (1984); 
7—Dikshitulu (1995) and Rao (1998). 
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Fig.5.17-Multi-elemental spider diagrams of average Spiti sandstones and black 
shales compared with average Proterozoic and 	Cambro-Ordivician granites of the 
Himalaya. Near identical patterns can be noticed in the diagram. (a) Spiti sandstones 
vs. Proterozoic granites such as Randal Orthogneiss (after Sharma and Rashid. 2001), 
Bomdila Orthogneiss (after Rashid and Islam, 2009) (b) Spiti sandstones vs. Cambro-
Ordovician Himalayan granites such as Jispa Granite. Rohtang Gneissic Complex, 
Akpa Granite, Ranikhet Granite, Ratilaman Granite, Zanskar Granite and Dalhousie 
Granite (data from Islam et.al. 1999 and Rashid and Zainuddin 1995) (c) REF 
patterns of Spiti sandstones vs. Proterozoic Orthogneiss and Cambro-Ordovican 
granites (Wangtu Gneiss data after Miller et al.,2000). 
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5.7. Climate evolution during the Permo-Carboniferous Peroid: 
l he climate is a complex system and its variability is caused both by external 
and internal processes. A quick took into the global record of ice volume for the past 
history is enough to give us the idea that Earth's history has been marked by climatic 
variation of a more abrupt than gradual nature. Reconstructing the paleoclimatic 
record from the sediments requires a holistic approach that utilizes climate signals 
from both the inorganic and organic components of the sediment. Tracking climate 
change through the use of paleoclimate proxies has the potential to reveal the spatial 
and temporal evolution of orogens and their associated plateaux. Each individual 
proxy has limitations on its interpretation depending on the parameters of both the 
climate system and the depositional basin, but an assemblage of proxies is an effective 
manner to extract information on environmental change. Many previous studies 
suggest that rock type plays an important role on chemical denudation (Price and 
Velbel. 2003). Grain morphology, clay minerals and geochemistry are the best 
paleocllmatic proxies especially when they are complemented. Mineralogical and 
chemical compositions of siliciclastic deposits depend on the intensity of chemical 
weathering linked to the climate in provenance terrains (Nesbitt and Young. 1982; 
l edo et al.. 1997). 
Many established and widely tested indices or parameters are now available to 
determine the past climates during the weathering and deposition of sedimentary 
rocks. These parameters include deterital modes and their ratios, particularly in 
sandstones because climate effects sand composition (Taylor and McLennan, 1985; 
Garzanti et al.. 2014) through its influence on pedogenic processes which brings about 
parent-rock destruction. Another widely used and most accepted parameter is the CIA, 
which is based on major element chemistry of the sedimentary rocks and use of the 
CIA in paleo-climatic studies assumes that this index is a measurement of the amount 
of the chemical weathering undergone by the studied rocks. The CIA is very much 
useful in determining changes between ice house and green house climates and the 
('IA combined with sedimentological data sets give strong evidence of variable 
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climate conditions oscillating between the dry cool and glacial, and warm humid and 
interglacial (Bahl burg and Dobrzinski, 2011). While using CIA index some cautions 
are needed to be taken into consideration, for example the presence of carbonate rich 
sediments, the occurrence of post-deposition K addition (metasomatisim, 
metamorphism diagenetic illitization). Nevertheless, with appropriate caution, the 
indices described above are useful tools for the assessment of the climate conditions 
in the rock record. The CIA values of Permo-Carboniferous Kanawar Group (Lipak, 
Po and Ganmachidam formations) of sandstones and shales from the Spiti Valley 
range between 52 and 78 implying that the CIA of these formations appears to 
differentiate between glacial and non-glacial weathering types. The CIA values of 
the non-glacial sandstones and shlaes from Carboniferous (Mississippian) Lipak and 
Po formations of the Spiti region fall within 58 and78 with a majority between 65 and 
75 (Table 4.1) demonstrating their well weathered character under humid weathering 
conditions. Our results supplement the observations made by Garzanti et al. (1 998) 
where while describing the climate in Carboniferous Tethys Himalaya based on 
gypsum lenses and fossil assemblages, have noticed a marked transition in climate 
from subtropical and during 7'oumaisian to cool humid climate in 
Visean/Serpukhovian periods. In contrast, the CIA values of the Early Permian 
Ganmachidam Formation diamictitcs and underlying shales show a range between 52 
and 78 with a majority between 55 and 65, depicting their unweathered to slightly 
weathered detritus and confirm well with the field investigations to a glacial 
weathering regime. It is therefore evident from the CIA values of the silliciclastic 
rocks that the (Permo-Carboniferous Spiti) sedimentary rocks show the detritus of 
glacial to non-glacial weathering provenance which in turn is directly related to the 
change in climate from humid during Carboniferous (non glacial) to cold (glacial) 
climate during the Early Permian. These interpretations are in consistent with the 
petrographical studies of the samples where altered mineralogy to pristine mineralogy 
is very well preserved in the sandstones (Fig.5.15). Thus this study documents a shift 
in climate from carboniferous to Permian in the sandstones of the Spiti (Tethys) 
Himalaya and represent a classic example of glacial physical weathering vs chemical 
weathering (and non glacial deposits). Spanning of the sandstone and shale samples 
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from and to humid climate fields in the SiO2-(A1203+Na2O+K2O) paleo-climate 
discrimination diagram (after Suttner and Dutta, 1986) is evident (Fig. 5. I8), which 
fo ther substantiate the above inference. 
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Fig. 5.18- SiOr(A1203+K20+Na2O) palaeoclimate discrimination diagram 
(after Sumner and Dutta, 1986) of Permo-Carboniferous sandstones from the Spiti 
region, Tethys Himalaya. Climate variability from humid to arid conditions in 
the Spiti samples is clearly exhibited. 
The combination of field and petrographical evidences described in preceding 
paragraphs and low CIA values of the Canmachidam diamictites were proven to be in 
fact of depositional origin related to ice action and cold climates. These CIA values 
are compatible with a prominent influence of physical weathering on the production 
of the Ganmachidam diamicties. Although diamictites may be formed as glaciogenic 
sediments or as tectonically triggered mass flow deposits, the combination of field 
(sedimentological) analysis and CIA as a function of climate can resolve this problem. 
Together with sedimentological features including the presence of dropstones in 
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laminated facies and varve-like laminations, the low CIA values strengthen 
interpretation of a glacially connected origin of the Ganmachidam diamictites. 
Further, Garzanti et al. (1996, 1998) reported fossils of cold water origin in these 
diamictites, which further strengthens the above inference. However, the higher C1i 
values noticed in the matrix of glacial diamictites with a combination of low values 
may be interpreted as a result of reworking ofolder, weathered material into the 
glacial deposits. The petrofacies analysis of the sandstones from the Carboniferous 
r ,1   t and Po formations indicate compositional maturity in these sandstones itoiCS  wl1CrC 
Qm+QP/P+R and Qp/ ['-t R ratios are greater than 14 and 5 respectively, and the 
majority of these sandstones may be related to intense chemical :'feathering In 
contrast, compositional immaturity exists in majority of the Early Permian 
Ganmachidam diamictites where Qrn+ Qn /F+R and  Qn / 1-4-R ratios are  ? and lees 
than I respectively, however some of the samples show ratios that fall in the range of 
matured sandstones. (,up to 7 for Total quartz! rock Fragment+ feldspar) re+1ecting■ the 
occurrence of mixture of detritus in these diamictites. Two types of transitions in 
compositional maturity marks the Change in climate described above. The transition 
from warm- humid climate during Carboniferous which characterized deposition of 
Lipak and Po formations to cold- and climate during the early Periiiian which our 
reflected by much less compositionally matured sediments in the Ganmachidam 
diamictites. Further, the paleogeographic reconstruction based mainly on paieo-
magnetic data (Scotese and Berret, 1990) indicate that the India was rapidly displaced 
southward towards the Antartic polar circle due to rotation of Gondwanaland during 
the late Carboniferous to the early Permian. The slow latitudinal drift towards sub-
polar latitudes (Goionka et al., 1994) and the onset of continental rifting (Garzanti and 
Sciunnach, 1997) may be considered as the principal causes for such dramatic 
climatic change. 
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5.n". Limestones from the Lower Carboniferous Lipak Formation 
The trace element and REE concentrations in ancient carbonate rocks are 
useful for examining the geologic processes during limestone deposition to identify 
the marine versus non-marine sources of trace elements, particularly REEs (Banner et 
1 n00. 	 I '~(n . '!L 	 I 'l009) nf" L--.- '- 	• J 	 J t_- ai., i loo, EBINflel, LOU), t_iiao Ci ai., ~vui). ni_,f. innve iuw iesiuCilce time wiu iuw 
solubility in seawater (Piper, 1974) and are relatively immobile during the post- 
UCPOSltiuuut prc,-.L-.-L 	IL\l Ua LnL Jls 	1,CLUUI I.IrI CLVU \ UIILrJ, 
1
I „ 	UIIU 
metamorphism (Muecke et al., 1979). REEs are considered as an indicator to identify 
the d: Tp Sttiona1 environmental system such as widespread marine anoxia (Lb et al.. 
1988: German and Elderfield, 1990; Murray et al., 1991a). oceanic palaeo-redox 
conditions (Wang et al.. 1986; Elderfield and Pagett, 1Q86: Liu et ai_., 1988; Kato et 
al.. 2002), variations in surface productivity (Toyoda et al.,1990), proximity to source 
area (Murray et al.. 1991h). lithology and diagenesis (German and Elderfield. 1990; 
Murray et al., 1991a: Madhavaraju and Ramasamy,1999; Madhavaraju and Lee, 2009; 
XIf 7l, 	 ♦ i 	-)Aln~ ai~u iu1 —.., , •." 	li 	7 	.: 	1 	l-1 IV_, 	1 :VlauHavar U Ct al_ / 	1 	gcov~up~ ~' aiiu C}~C:iiiw~~u~ ~i~Guv ~~ k1-u iv~T uiiu 
Webb, 2001: Kemp and Trueman. 2003). The study of REEs, particularly LREE from 
the marine sediments may ieiieet the original characteristic of seawater, however 
clastic contamination has a strong tendency to flatten the shale-normalized 
REE patterns, provided that the shale composite is a valid approximation of 
terrigenous input into the particular environment of the studied rocks. 
The correlation analysis of Si02 vs. CaO shows distinct negative correlation (r2 
— -0.96). which probably suggests that these two elements exhibit different modes of 
origin. Aluminium contents in carbonate rocks are mainly controlled by the amount of 
iioii-Carbonate Constituents. The coefficient of variations of A1-tj6 convents may 
indicate variation in clay contents in the rock. The Al/Si ratios of Lipak limestones are 
wvi uiiu r' LULL iv ' ULLLSLUiu ~U.i i v.~5). iiiui~utii'ib fC ii ivi~ iiitiU fliCC Gi UC1rtiui 
quartz and also indicate that Si has another source besides clay minerals, as suggested 
by Fu et al. (2011). K/A! (0.29 — 0.88) and Xl, /A l (0.01 — 0.58) ratios are low and 
relatively constant in the limestones and do not suggest any major fluctuations in illite 
or clan contents_ The contamination of terrigenous material in the limestones may he 
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assessed by determining the relative abundance of A1203, Th and Sc; owing to their 
much greater concentrations in average shales than in marine carbonates (e.g., Webb 
and Kamber, 2000), The A1203 concentration ranges from 0.49 to 10 wt.% in the 
Lipak limestones. which are much higher than the predicted siliciclastic-contaminated 
carbonates (1.59%, Veizer, 1983), indicating terrigenous contribution in these 
limestones. Thorium and Sc elements show good correlation with Al contents of the 
limestones (r2 = 0.88 for Th and 0.98 for Sc), further suggesting a role of terrigenous 
contamination in these limestones. In add;tion to these elements, Si02 and TiO2 
(terrigenous derived oxides) also reveal a strong positive correlation with A1203 
(r2-0.96 for Si and 0.93 for Ti), thus substantiating the above inference. Whereas, a 
strong negative correlation can be observed between CaO and A1203 (? _ - 0.99) 
which demonstrates that probably Ca is of marine origin and is not influenced 
significantly by a detrital source (e.g. feldspars). Seawater generally displays high 
Y/Ho ratios (44-74), whereas terrigenous materials and volcanic ash have constant 
Y/Flo ratios of 28 (Taylor and McLennan, 1985). Modem seawater has considerably 
higher YMo ratios than the river water and estuaries (Nozaki et al., 2000; Lawrence ct 
al., 2006). Y/Ho ratios show a significant variation among the open-ocean seawater 
and the ocean margin seawater between 108 and 94, tespeetively (Nozaki et al., 1997;  
Johannesson et al., 2006). Though the ionic radii of Ho3+ and Y3+ are identical, both 
are expected similar geochemical behavior in natural waters but YiHo ratios arc not 
constant in the oceans and vary with depth (Nozaki et al., 1997), which indicates the 
fractionation of these elements from biogeochemical processes (Johanncsson ct al., 
2006). Y/Ho ratio in open sea water is typically between 60 and 90, but is strongly 
reliant on salinity (Lawrence et al., 2006). The marine carbonates show higher YiHo 
ratios than the freshwater carbonates (Webb and Kamber. 2000; Shields and Webb, 
2004). In the present study, the limestones of the Lipak Formation show large 
variations in Y/Ho ratios (31.92 to 48.78 with an overall average of 36.7) perhaps 
indicating terrestrial input. The effects of ERAEJPIREE fractionation in modern and 
ancient marine systems can be represented by the Er/Nd ratio (German and Elderfield, 
1989). ErNd ratio in nom;al seawater is about 0.27 (De Haar et al., 1988). The high 
Er! Nd ratio of limestones effectively reveals the seawater signature retained by the 
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al., 1988; German and Elderfield, 1989; Bellanca et al., 1997). The Er/Nd ratio of the 
Lipak limestones are ranging from 0.07 to 0.18 (Table 4.4), which further indicates 
the influence of detrital material. 
The correlation between Mn and Sr is useful to understand the diagenetic 
alterations in the limestones (Brand and Veizer, 1980). Because, during the diagenesis 
of carbonate system, Sr is expelled while Mn is incorporated (Brand and Veizer.1980; 
Li, et al.. 1999) so that Sr content decreases and Mn content increases in carbonates. 
In the present study, Mn and Sr have no correlation between them (r' = 0.004), 
suggesting that these limestones have not undergone significant diagenetic alterations 
(Naearajan et al., 2011). There is no correlation between Sr and vREE concentration 
in the Lipak limestones (r` = 0.036) suggesting that any loss of Sr during diagenesis 
was not accompanied by significant loss of REEs (Nothdurff, et al., 2004). 
5.9. Geochemical characteristics of black shale-hosted silica-bearing 
Phosphatic nodules 
Black shales in the study area contain silica-bearing phosphatic nodules. They 
vary in shape and size, being mostly rounded, oval or elliptical, or rarely elongated 
and cylindrical and their size varies from few em to 1.5 in (Fig. 5.19). All the nodules 
are characterized by low to very low Na2O concentrations (0.5% to 0.8%) whereas 
P20, and SiO2 contents vary from 0.6 to 5.5% and 64 to 75%, respectively. '[he 
positive correlation between P205 and CaO observed in the nodules imply an 
association of these elements with apatite. The nodules are characterized by high Si02 
contents, low Si02/Al,O; ratios (10) and Zr contents (as low as 61 ppm) indicating 
precipitation of biogcnic silica from within the basin. High Y (up to 259 ppm), high 
Sr (530 to 773 ppm) and higher YRFR (160-1286 ppm) contents are also observed in 
these silliccous phosphate nodules. The shale-normalized REE distribution patterns 
(Fig. 20) Show relative enrichment in Middle Rare Earth Elements (MREE: Sm—Ho) 
with a "hat-shaped" pattern, and positive Cerium anomaly (Ce1Cc°= 1.27-1.98) (Fig. 
5. 20). According to Peppier and Weir-Murphy (2008), these relationships result from 
the fact that the early diagenetic conditions favouring P-mineralization. Sedimentary 
phosphorite rocks are also frequently enriched in Y. Sr and REE (Trappe. 1998; 
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Soudry et al.. 2002; Jiang et al., 2007; Rao et al., 2008; Shatrov and Voitsekhovskii, 
20091. 
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Fig. 5.20-PAAS normalised REE patterns of the nodules. hat-shaped' patterns may 
be noticed. 
Several interpretations have been proposed to explain this "hat-shaped" 
pattern. Many authors have opined MREE scavenging during either post-depositional 
alteration or early diagenesis (Cruse et al., 2000; Shields and Stille, 2001; Kidder 
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et al., 2003: Kametaka et al., 2005). During diagenesis, chemical precipitations 
may occur, which leads to the formation of crust and nodule concretion and many 
authors suggest these precipitations are linked to a decreasing of sedimentary input, 
which allows a relative stability of the sediment—water interface and a weak 
vertical migration of the diagenetic fronts (Brchcret et al., 2004; Marshall-Neill and 
Ruffell, 2004; Pope, 2004; Jimenez- Milian and Nieto, 2008; Xiao et al., 2010). 
According to Felitsyn and Morad (2002), Stanley and Byrne (1990), the early-
diagenetic microbial decomposition of organic matter leads to MRFE enrichment in 
authigenic apatite. Phosphatic coquinas (e.g. lingulids) can also be involved as they 
show MREE enrichment (Ldcuyer et al., 1998; Bright et al., 2009). According to 
Curse el al. (2000) the relationship between REE in authigenic phosphate nodules and 
black shales are complex and appears that phosphate diagenesis and the formation of 
nodules cause the preferential migration of MREE from pore waters in organic rich 
shales to authigenic phosphate nodules during early diagenesis. This MREE migration 
is the result of preferential uptake of MREE from pore waters due to coprecipitation 
with apatite. Host sediments thus acquire an MREE-depleted signature via an 
adsorptive process that occurs later. Biogenic factors may also contribute to the 
MREE-enriched pattern observed in phosphate nodules. According to Debard and Loi 
(2012) phosphogenesis and silicification are distinct processes occurring at different 
periods during diagenesis. The two main stages are the transition in the suboxic 
zone with the beginning of phosphogenesis, and the transition in the anoxic zone 
with the end of phosphogenesis and his model allows to give explanation of 
development of phosphatic concretions with a mixed Si P composition by two 
distinct diagenetic processes, first phosphogenesis and then, in a second stage, 
silicification. On the other hand, a too rapid transition in the anoxic zone and the 
scarcity of siliceous bioclasts lead to the genesis of concretions with low phosphate 
(P205>5%) and biogenic silica contents. 
149 
5.10. SEM and XRD studies 
Scanning? Electron Microscopy (SEM) studies were carried out for the 
siliceous phosphatic concretions at the University Sophisticated Instrument 
Laboratory (USIF) at Aligarh Muslim university (AMU), Aligarh, India in order to 
diagnose and understand the microstructures and diagenetic relationships among 
the main constituents and the matrix of the studied sediments particularly black shales 
and nodules. Identification of different phases was verified by X-ray diffraction 
(XRD) analysis. carried out at the Department of Physics, AMU Aligarh. SEM results 
show the dominance of calcium, silica and phosphatic phases and the clay minerals, 
which are mainly represented by illite—muscovite and chlorite in these samples (Fib,. 
5.21). The SEM investigations are very well supported by XRD studies (Fig. 5.22). In 
marine settings. changes in bulk-rock mineralogy and clay fraction may record paleo-
environmental changes and/or a diagenetic overprint. Thus, before any paleo-
environmental interpretation is attempted, it is important to estimate the diagenetic 
impact on the mineralogical composition of each section. especially in the clay-
fraction assemblages. It has been demonstrated that burial diagenesis may result in the 
replacement of smectite by chlorite and illite in the calcareous beds and marly 
interbeds, respectively, (Kubler and Jaboyedoff. 2000: Godet et al.. 2008). 
Furthermore. the diversity of the clay minerals and the presence of significant 
variations in the mineralogical composition and lack of any continuous vertical trend 
in the studied concretions suggest a relatively low 	impact on the primary 
environmental signal by burial diagenesis (Duchamp-Alphonse et al.. 2011. and 
references therein). The distinct trends in the bulk and clay mineralogies observed in 
the studied samples can also be interpreted as reflecting variations in weathering 
processes in the source areas, for e.g.mica (M) and chlorite (Chi) form under cool to 
temperate, dry conditions with low hydrolysis conditions (Chamlcy. 1989). Apart 
from climate change, the mineralogical composition of the detrital fraction in marine 
sediments is influenced by sea-level variations (Chamley. 1989: Adatte et al.. 2002). 
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5.11. Ocean Anoxic Events (OAE) 
It has been observed that the studies of redox conditions in marine settings 
track the relative distributions of oxidizing agents across depositional and 
diagenetic gradients and biogeochemical processes may control the distributions of 
oxidizing agents. Discriminating paleoredox conditions typically means determining 
whether conditions were oxidizing or reducing (Tribovillard et al., 2006). These 
conditions may prevail at the sediment—water interface or within sediments leading 
ox\ den-limited conditions and ultimately anoxia may develop when the oxygen 
demand exceeds the supply. Anoxia may also develop in stagnant water masses 
where insufficient circulation prevent O, replenishment, the anoxia may also develop 
in places where extreme organic matter degradation consumes 02 faster than it is 
replenished. even in open-marine conditions. The same is true of sediment, with the 
additional feature that 02 replenishment is also linked to their composition (clay vs. 
sands). texture (fine vs. coarse grained) and the intensity of bioturbation (Tribovillard 
et al.. 2006). Commonly. the degree of enrichment or depletion of a trace element in 
a sample is evaluated relative to its concentration in a reference that is commonly the 
average crustal rocks or average shale (Wedepohl, 1971. 1991: McLennan. 2001). 
Most of the times, trace elements are used for paleoenvironmental work emphasizing 
fine-grained siliciclastic sediments and sedimentary rocks relatively rich in organic 
matter, such as gray and black shales. The trace elements that are commonly enriched 
in these environments include Ba, Sr. Pb. Zn and Mn, commonly hosted by a suite of 
minerals such as barite, celestite, galena, blende and rhodochrosite. An easy means to 
check whether the content of a given element is dominantly controlled by the 
detrital flux is to cross plot the trace element versus Aluminium or Titanium, which 
are commonly of detrital origin and are usually immobile during diagenesis (Calvert 
and Pedersen. 1993; Tribovillard et al.. 1994; Hild and Brumsack, 1998: Boning et 
al.. 2004). If a good correlation is observed and if' the trace element exhibits 
concentrations that do not deviate too much from average shale concentrations, it can 
be inferred that the trace element is mainly of detrital provenance and cannot be used 
for paleo-environmental analysis. This is often the case for chromium. but only 
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infrequently so for U and Ba and rarely for V and Mo (Jones and Maiming, 1994; 
Caplan and Bustin, 1999). Lack of correlation between Al and trace elements (such as 
Cr, U and V) of Spiti limestones and black shales suggest that these elements can be 
used to reconstruct paleo-environmental conditions in the study area. If some trace 
elements are suspected to be of mixed origin, that is, detrital and authigenic. then the 
authigenic fraction can be estimated as the part in excess of the average shale 
abundance. I he clastic fraction of element X in a sample can be estimated as: detrital 
X — QC/A1) average sna'e x Al sample . Subsequently, the authigenic fraction of element X is 
calculated as total X— detrital X (Rimmer. 2004). Beyond these. simple procedures for 
determining the detrital fraction of a given trace element, more sophisticated 
statistical or chemical procedures are available. e.g., multivariate factor analysis. or 
sequential chemical extraction (e.g., Jacot des Combes et al., 1999; Wijsman et al., 
2001; Kryc et al., 2003). 
The elemental concentrations and the ratios of Ni/Co, V/Cr. V/Sc and 
V/(V+Ni) have been suggested as indicators to evaluate palco-redox conditions 
(Hatch and Leventhal.1992: Jones and Manning,l994). Most of the researches on 
these parameters involve estimating the redox state of mudstones (organic-rich black 
shales), but the approach is applicable to siliciclastic fades, carbonatic facies and 
phosphorite as suggested by longer et al. (2004), Jiang et al. (2007) and Chang et al. 
(2009). Further, Rimmer (2004) suggested that these indexes should be applied 
cautiously because of possible factors (e.g., redox conditions, organic material type, 
sediment accumulation rates, and diagenetic and later mineralization processes) that 
will likely influence the metal contents. The possibility of changes in the depositional 
conditions or diagenetic changes would also alter the trace-clement content and its 
valence state. 
The solubility of vanadium in natural waters, its extraction from seawater and 
absorption onto sediments are mainly influenced by redox conditions (Bellanca et al., 
1997). Dissolved vanadium is readily bound to high molecular metallo-organic 
complexes (i.ewan and Maynard, 1982) or absorbed onto biogenic materials (Prange 
and Kremling, 1985). During the early diagenetic alteration of sediments, vanadium 
tends to mobilize from the biogenic materials under oxic environments, whereas the 
mobilization of vanadium is very restricted in anoxic conditions (Shaw et al.. 1990). In 
addition, nickel, along with Cu and Cr, is mainly enriched in organic-rich sediments 
where these metals are trapped with organic matter (Leventhal and IIostetman, 1982 
Glikson et al.. 1985). Nevertheless, vanadium accumulates relative to nickel in 
reducing environments, where sulphate reduction (production of 11 S) is more efficient 
and Nit may be partially delayed by NiS complexes (Lewan and Maynard, 1982: 
Lewan, 1984; Odermatt and Curiale, 1991; Huena-Diaz and Morse, 1992). The 
proportionality of vanadium to nickel, mainly expressed as V/(V+Ni), has been 
commonly used to find out information about the depositional environment (Lewan 
and Maynard, 1982; Lewan, 1984; Breit and Wanty, 1991; Hatch and Leventhal, 1992; 
Tribovillard et al., 1994). Lewan (1984) demonstrated that V/(V+Ni) for organic rich 
sediments that accumulated under cuxinic conditions should be greater than 0.5. Hatch 
and Leventhal (1992) compared V/(V+Ni) ratios to other geochemical redox 
indicators, including degree of pyritization, and suggested ratios greater than 0.84 for 
euxinic conditions.0.54 — 0.82 for anoxic waters, and 0.46 — 0.60 for dysoxic 
conditions V/(V+Ni) ratios of black shales and limestones of the study area, are higher 
than 0.5, which strongly support that these shales were deposited under dysoxic to 
anoxic conditions (Fig. 5.23a). Vanadium is also a redox-sensitive element that is 
preferentially concentrated in sediments underlying anoxic or near-anoxic waters 
(Emerson and Iluested, 1991; Wignall, 1994). The degree of V enrichment is most 
efficiently expressed if this concentration is normalized by scandium abundance, 
because both V and Se are insoluble and V varies in proportion to Sc. rather than other 
insoluble elements such as Al and Ti (Kimura and Watanabe, 2001). The V/Sc ratio of 
Spiti black shales ranges from 5.6- 26.4 (Fig. 5.23b) and these increased ratios (than 
typical crustal values, 4.7 to 9.1, Taylor and McLennan, 1985) perhaps suggest that 
these sediments may have been deposited in suboxic to anoxic environment. Jones 
and Maiming (1994) suggested that Ni/Co ratios <5 indicate oxic conditions, 5-7, 
dysoxic conditions, and >7 suboxic to anoxic conditions. The Spiti limestones and 
black shales have Ni/Co ratio less than 5, indicating oxie conditions whale as few 
samples have the Ni/Co ratio greater than 5, indicating dysoxic conditions (Fig. 
5.23c). 	V/Cr ratios also indicate redox conditions; less than 2 indicate oxic 
155 
conditions. 2.0 — 4.25, dvsoxic conditions, and > 4.25 signify suboxic to anoxic 
conditions. Majority of the samples in our study area. show V/Cr (Fig. 5.23d) ratios 
less than 2 and plot within the oxic fields, while as some samples show V/Cr ratios 
greater than 2 and plot in the dysoxic field. These inconsistent results. however 
indicate that the element compositions have complex controlling factors, and should 
be used with caution when interpreting: redox conditions (Lin et al., 2008). 
Ce anomaly (additional paleo-redox proxy) yields somewhat varying 
interpretations (Fig. 23e). Ce/Ce* ratios have the potential to yield paleoredox 
information regardless of the thermal maturity of the sediments if the REEs are hosted 
mainly by the fine grained siliciclastic rather than the organic fraction of the 
sediment. Furthermore. Ce/Ce* ratios are independent of lithology and. hence. likely 
to represent a hydrogenous (seawater) signal. Positive Ce anomalies are indicative of 
water mass anoxia owing to enhanced scavenging of aqueous Ce(III) under reducing 
conditions (Sholkovitz et al.. 1994; Kato et al.. 2002). although negative Ce anomalies 
can be encountered in suboxic settings in which aqueous Ce(III) has been depleted 
(Kakuwa and Matsumoto. 2006). Ce/Ce* values of Spiti sediments varies between 0.9 
and 2 with an average of 1.0. a value that is indicative of anoxic conditions (German 
and Elderficld, 1990). 
The geochemical ratios of Ni/Co,V/Cr, V/(V+Ni),V/Sc. and Ce anomaly 
support the conclusion that black shales were deposited in dysoxic to anoxic 
conditions. However, bottom water and sediment redox conditions were subject to 
relatively rapid and cyclic variations after their deposition and provide us emphases 
on fluctuations of environmental conditions that may have prevailed after the 
deposition of these black shales. 
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CHAPTER-Vi 
ISOTOPE SYSTEMATICS 
6.1. Introduction: 
Isotopes are atoms of the same element that have different numbers of neutrons. 
Differences in the nvenbcr of neutrons among the various isotopes of an element mean that 
the various isotopes have different masses. Over time, isotopic compositions in terrestrial 
environments change by the processes of radioactive decay, cosmic ray interactions, macs 
dependent fractionations that accompany inorganic and biological reactions, and 
anthropogenic activities such as the processing of nuclear fuels, reactor accidents, and 
nuclear-weapons testing. Radioactive (unstable) isotopes are nuclides (isotope-specific 
atoms) that spontaneously disintegrate over time to font other isotopes. During the 
disintegration, radioactive isotopes emit alpha or beta particles and sometimes also gamma 
rays. Stable isotopes are nuclides that do not appear to decay to other isotopes on geologic 
time scales, but may themselves be produced by the decay of radioactive isotopes. Stable 
isotope geochemistry is concerned with variations of the isotopic compositions of 
elements arising from physicochemical processes rather than nuclear processes. Very 
small differences in the chemical behaviour of dillerent isotopes of an element can provide 
a very large amount of useful information about chemical (both geochemical and 
biochemical) processes. Stable isotope geochemistry, like radiogenic isotope 
geochemistry, has become an essential part of not only geochemistry, but also the earth 
sciences as a whole to gain an understanding of the principles underlying stable isotope 
geochemistry and then briefly survey its many-fold applications in the earth sciences. In 
doing so, geoscientists have added the final tool to our geochemical toolbox. Stable 
isotope geochemistry has been applied to a great variety of problems. Stable isotope ratios 
may be used as tracers  much as radiogenic isotopes arc. For example, we can use oxygen 
isotope ratios in igneous rocks to determine whether they have assimilated crustal material, 
as crust generally has different 0 isotope ratios than does the mantle. One of the most 
important and successful applications has been in paleoclimatology, where fractionation of 
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O and H isotopes in the hydrologic cycle has left a record climate change in marine 
sediments and glacial ice. The stable isotopes of several of the lighter elements are 
sufficiently abundant and fractionate strongly enough to be of special usefulness. 
Foremost in importance are hydrogen Carbon. oxygen and sulphur. 
We know however, that isotopes exchange in nature tends to be a slow process. 
especially at low temperature (Oneil. 1987). This knowledge comes from experimental 
study (Cole and Ohmoto. 1986) as well as from the simple observations that. unless they 
have reacted together. ground waters and minerals are. seldom observed to be in isotopic 
equilibrium with each other. In fact, if exchange were a rapid process. it would be very 
difficult to interpret the origin of geologic materials from their isotopic compositions. The 
infonnation would literally diffuse away. 
6.2. Isotope Fractionation: 
Each species and phase of an element with two or more stable isotopes consists 
of light and heavy isotopes in proportions that can be measured by using a Mass 
Spectrometer. The isotope ratio R is the Quotient of the number of moles of a heavy 
isotope (such as Q18) to the number of moles of a light Isotope (such as 0). It is not 
especially practical however, to express isotopic compositions in terms of R one 
isotope (e.g.. 016) greatly dominates the others (table). so values of R are small. 
rather inconvenient numbers. In addition, mass spectrometer can measure the 
difference in isotopic composition between two samples much more accurately than 
they can determine an absolute ratio R. for these reasons. isotope <geochemists 
express isotopic composition in a 6 notation. 
_ (R sample — R standard X 1000 
I R standard 
As the permil (0/00) deviation from a standard for e.g. the 6 value for ''O in a 
sample is 
)sarnple _, 
(180/160) 
 SMOW 
 X 1000 
(18o/16o 
) SMOW 
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Expressed relative to the SMOW standard. SMOW is the composition of 
"standard mean ocean water", the used standard for this element. In this notation, a 
sample with a positive b '80 is enriched in this heavy isotope' O relative to the 
standard. whereas a negative value shows that the sample is depleted in the isotope. 
When species or phases are in isotopic equilibrium, their isotopic ratios differ from 
one another by predictable amounts. The segregation of heavier isotopes into one 
species and light isotope into the other is called isotope fractionation. The 
fractionation among species is represented by a fractionation factor a, which is 
determined empirically. The fractionation factor between species A and B is the ratio: 
— RA - OA+ 1000 
aA B RB du+ 1000 
By rearranging this equation, we can express the isotopic composition of species A, 
6A =aA _ B  (0 B+ 1000) — 1000 
6.3. Methods: 
6.3.1. Carbon and oxygen isotopes: 
Oxygen (61x0) and Carbon (6''C) isotopic measurements were carried out at the 
National Geophysical Research Institute, Hyderabad, India using Delta plus 
Advantage Dual Inlet Isotope Ratio Mass Spectrometer coupled with an automatic 
carbonate (Kiel IV) device. About 150 to 160 pg of powdered sample was used for 
isotopic analysis. Samples were reacted with saturated orthophosphoric acid at 
70"C in a vacuum system and the evolved CO2 was analyzed by the mass 
spectrometer. Isotopic composition is calculated in notation as permil deviation from 
PDB standard. Analytical precision was better than 0.l0%o for &80 and 0.05%o for 
ó'C. Calibration to the PDB standard was achieved by repeated measurements of 
Merck and MMB standards. 
6.3.2. Sampling and Re and Os determination method: 
In Spiti Valley. Permian--Triassic (PT) sequence exposed at Attergoo (Fig. 
6.1) contains Permian black shales (Gungri Formation) overlain by 'Triassic 
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limestones (Mikin Formation). The Gungri Formation is capped unconformably by a 
ferruginous layer (3-8 cm) which is thought to mark the Permian (Productus shales)-
Triassic (Octoceras limestones) boundary (Singh et al., 2004: Williams et al.. 2012). 
The regional extent of the ferruginous layer is marked in Spiti Valley. i,ahaui valley 
and (iuryul Ravine, Kashmir (Singh et al., 1995: Algeo et al., 2007). We have carried 
uut >ysteiiiatic sampling of 49 meter thick sequence at 3.3 metres i►tteivai in this 
section. Weathered material was removed from the outcrop prior to sampling of 
liesh surlluccs. i.ur a (2 k ) ail pie ~i rc .t Cteu •to ensure homo 	 f D i 	1 	i t 	.	L 	 ~Ciiiiati0i~ O~ i~.- 
Os abundances in the samples (Kendall et al., 2009). All samples were polished 
to remove cutting and drilling marks to eliminate .°..^," contamination. The samples 
were dried at 60 °C for --12 hrs and then crushed to a tine powder of —30 µm. TI he 
samples were broken into chips with no metal contact and powdered in a ceramic dish 
using a shatter box. Rhenium-osmium isotope analysis was carried out at the Physical 
Research Laboratory (PRi ). Ahmadabad, India. 
'~\ 	 classic 
v 	 .~,~,•~,: 
i: it: —`' 	f• - 1. ~` ~ ~~, 
Fig. 6.1- Field photograph of Attargoo section in Spiti region. Tethys Himalaya where 
Permian- Triassic boundary is exposed. 
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6.4. Osmium Purification Chemistry: 
The pure fraction of osmium from the black shales is extracted using Carius 
tube digestion (Shirey and Walker., 1995), solvent extraction and micro-distillation 
method (Brick et al., 1997). This purification process for osmium (Fig. 6.2) enables to 
measure Os and Re from the same aliquot of the samples, which is essential to 
determine precise Re-Os age of the shales. 
Black shales in cerius tube 
Inverse Aqua Regia 
Cerius Tube digestion 
Solvent (Br2) extraction 
	
Residue 
	 Br2 liquid 
Coulmn chemistry 	 Micro -distillation 
Pure Re in solution form 	 Pure Os loaded on Pt filament 
Q-ICP-CIS 
N -TL%IS 
(with oxygen bleeding) 
Fig. 6.2- Flow chart showing sample dissolution and Re-Os separation and 
purification. 
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6.4.1.Sample Digestion: 
Carius tube digestion method (Shirey and Walker, 1995) is adopted for the 
digestion of shales with inverse aqua regia as the digestion medium. Caries tubes 
made of borosilicate glass with a length of 340 mm and wall thickness of 3 mill 
(Pierson-Wickman, 2000). Prior to its use for digestion, the Carius tube was boiled 
in an 11VO, acid bath and cleaned properly with Milii-Q H20, The HCl and HNO3 
acid used for Re-Os purification were distilled twice using quartz distillation under 
sub-boiling conditions. The nitric acid, after quartz distillation, was further sub-
boiled at —80°C in a round bottom flask with its mouth open to oxidize osmium, if 
any, from it. 
About Igm of sample (black shale) is taken in a pre-cleaned carius tube. 
Known amount of 190Os spike is added. Before adding '85Re spike, 2m1 of HCI is 
added. Addition of HCl prior to ...Re avoids any possibility of volatilization of Os 
from the samples due to oxic medium of Re spike solution. In addition, it also reacts 
with carbonate present, if any, in the sample and removes the CO2 and reduces 
pressure inside the tube during dissolution of sample. After adding Re spike, the 
Carius tube is kept in a liquid nitrogen-alcohol/acetone slush with a temperature of--
100°C. At this low temperature, Sml of HNO3 is added in the Caries tube and 
immediately, the Carius tube is evacuated by a hand vacuum pump and scaled using 
I.PG-oxygen Flame. The low temperature environment to add HNO, in the sample-
spike mixture is required to avoid in any loss of osmium due to oxidation. After 
sealing the carius tube, the sealed portion of the tube is strengthened by annealing it 
for 4 firs at 550°C. The sealed carius tube placed inside a metal jacket which is kept 
in an oven at 240°C for 24 hrs to digest the sample, This procedure for sample 
digestion ensures the sample-spike equilibration. 
6.4.2. Solvent (Br2) Extraction: 
The Carius tube digestion method leaches osmium from the sample, brings to 
the solution and equilibrates the sample-spike Os. After the digestion, the Caries tube 
is kept in a container of liquid nitrogen and the tube was opened. The solution, which 
is in oxic medium, is transferred into a 60 not Savillex Teflon bomb and lml of 
double- distilled Br2 liquid is immediately added to it. The bomb containing 
digestion solution and Br, liquid is properly tightened using a teflon «Tench and kept 
over a hot plate --65°C. The merit of using Bra liquid for the solvent extraction 
method (Birck et al.. 1997) to purify osmium is its affinity to form osmium bromate 
complexes in oxic conditions. Further, Br, liquid has a boiling point -59°C 
and high density (-3 gm/ml). While refluxing the solutions at --65°C in the bomb, 
the Br, liquid gets evaporated and condenses inside the lid. During the course of 
refluxing. Br2 liquid within 3-4 hrs efficiently extracts the osmium present in the 
solution. After 3-4 hrs, the bomb is cooled in refrigerator to avoid volatilization of 
osmium. I nil of the Br? liquid containing the osmium is pipetted out and poured into 
a 7ml Teflon vial containing chilled H2O to reduce evaporation. The Br2 extraction 
method is repeated second time to extract the remaining Os. Now, the 7 nil Teflon 
vial containing 2 ml of Br, liquid contains the osmium, whereas the residue present 
in the bomb can be processed further to extract Re using chromatography. 
6.4.3. Micro-distillation: 
[he chilled H2O present along with 2 ml of Br2 liquid is pipetted out and to the 
Bra, 0.5 ml of "Teflon-distilled HBr is immediately added to make the medium 
reducing, which is required to avoid volatilization of osmium from the solution. Bra is 
then evaporated from the vial at room temperature and the HBr solution containing 
Os was dried to a drop which was transferred to the lid of a 5 ml conical vial to dry it 
completely. In this condition. Os remains in OsBr62' form. The residue present in the 
lid further purified using micro-distillation following the method of Birck et al. 
(1997). After micro-distillation, the HBr containing the pure osmium is dried and 
used for isotopic and elemental analysis by negative thermal ionization mass 
spectrometer. 
6.4.4. Extraction of Re: 
After the solvent extraction (Fig. 6.2), the residue in the Savillex bomb 
containing Re is dried and redissolved in 5 nil 0.8 N I-1NO3. This solution was 
centrifuged and loaded on an anion exchange resin (AG 1 XS, 100-200 mesh), washed 
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with 0.8N HNO3 and the pure Re is collected by eluting the column with 8N HNO3 
(Dalai, 2001). This extracted pure Re is dried and diluted properly in 2% HNO3 
medium for its measurement using Qudraploe inductive Coupled Plasma Mass 
Spectrometer (Rahaman and Singh, 2010). 
6.4.5. Mass Spectrometric analysis of osmium: 
High ionization potential of osmium along with its pico-to-nano gram level 
concentration in black shales, make its isotopic analysis challenging in positive mode 
of thermal ionization mass spectrometer. In this work. osmium isotopic analysis was 
carried out in the negative mode of Isoprobe-T Thermal Ionisation Mass 
Spectrometer with oxygen bleeding (Creaser et al., 1991; Volkening et al., 1991; 
Walezyk etal.. 1991). 
Sample Loading: The extracted pure Os is loaded using HBr on a zone-refined Pt 
filament (99.999% purity, H. Cross Co.). Prior to loading, the Pt filament was 
annealed at 3 A for 30 mins to oxidize any osmium and rhenium present in the 
filaments and allowed it to cool for 24 hrs to avoid any spreading during loading. 
After loading the Os in the filament at --0.6 A. Ba(OH)2 in 0.1 N NaOH is loaded 
over it which acts as an ion enhancer (Birck et al.. 1997; Chen et al., 2009). This ion 
enhancer was prepared by refluxing a mixture of —0.1 gm of NaOII, 0.7 gm of 
Ba(OH)2 and -30 ml 1I20 in a vial for 3 his at 80°C. This supersaturated solution can 
be used effectively for more than 2 months with its minimal atmospheric exposure 
(Luguet et al., 2008). 
Mass Spectrometric measurements: The pure Os metal loaded on the Pt 
filament is analyzed for their isotopic compositions using the lsoprobe-l' 'thermal 
Ionization Macs Spectrometer in negative mode (N-TIMS) with oxygen bleeding. The 
isotopic measurements for Os in 0803 form were carried out in a peak jumping mode 
using an electron multiplier detector. A small amount of pure oxygen is purged into 
the source of the mass spectrometer using a leak valve which drops down the vacuum 
of the source chamber to —2x 10-7 mbar. Osmium isotopic analysis was performed at 
this pressure level of the source chamber. Four isotopes of the Os (1870503, 'ssOs03, 
' 9 'OsO3 and '920s03) were analyzed with an integration time of 10 sec. Each isotope 
was measured 100 times to get a precise isotopic composition and the average value 
of these 100 runs was reported in this work. A minimum of 1000 cps was 
accumulated under the '8'OsO3 peak during each run of the sample. Further, during 
analysis. mass 233 was monitored to look for any Re contamination ( 185Re03); 
generally the count rates in the mass. if any, was very low suggesting no potential 
interference of 15 'Re03 on mass '870s03. The negative ion beams of Os produced in 
the sources after passing through the magnetic field have to cross the Wide Apperture 
Retarding Potential (WARP) filter prior to reaching the electron multiplier detector. 
The WARP filter units were tuned properly to get a stable and flat-top peak of Os. 
6.5. Data Reduction, Precision and Accuracy: 
The Os isotope composition. as discussed earlier, was measured in its Os03 
form in peak jumping mode. To get a precise Os isotopic ratio from the Os03 signals, 
these data have to be corrected for time correction, instrumental mass 
fractionation. isobaric interference due to various Os03 combinations and spike 
contribution. These were done following standard data reduction procedure followed 
in the laboratory (Singh et al.. 1999; Trivedi et al., 1999). The measured isotopic 
ratios were normalized with respect to Os/'Os of 0.32439 (Nier, 1937) to correct 
for the instrumental mass dependent isotope fractionation. 
l'he Re isotope measurements were carried out using Q-ICP-MS. The 
background signal for Re was monitored between analyses of the samples, which (-5 
cps) is found to be negligible compared to count rates of few tens of thousands 
obtained for Re from shale samples. Measurement of every -5 samples was 
bracketed by analyses of two Re standards and difference between 1K, Re,"87Re of the 
standards is linearly interpolated to correct the measured isotopic data of 
samples for instrumental fractionation. The fractionation corrected Re data is used to 
determine the Re concentration of the samples using isotope dilution method. Few 
samples were measured in replicates and the repeat measurements for Re 
concentrations. 
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6.6. Importance of carbon and oxygen isotopes: 
The variation in isotopic composition of the elements such as Carbon and 
Oxygen in carbonate rocks has been applied by earlier workers to assess primary and 
diagenetic control over isotopic compositions to evaluate the chemical composition of 
the depositional waters and to interpreted secular variations in isotopic compositions 
(Kaufman et al.. 1990: Klein and Beukes. 1993). Thus major geochemical events in 
earth's history such as paleoclimate changes. tectonic evolution, etc. can be understood 
eventually (Knoll et al.. 1986: Schidlowski. 1988: Derry et al., 1992; Des Marais. 1994: 
Karhu and Holland, 1996: Condie et al., 2001). The global environmental changes during 
the Carboniferous, including the increase of land plants, which also leads to increased 
rates of continental weathering (Algeo et al.. 1995) and storage of organic carbon leading 
to a drawdown of atmospheric CO2 and cooling. Many authors have come to the 
conclusion that Carboniferous climate was entering icehouse conditions with glaciations 
(Gonzalez. 1990; Frakes et al.. 1992; Berner. 1994: Dickins. 1996) and sea level 
oscillations (Ross and Ross. 1998). During this crucial time in the earth's history many of 
the changes in temperature. palaeoceanography and carbon cycling were recorded in the 
carbon and oxygen isotope compositions of marine carbonates. 
The carbon and oxygen isotopic compositions of geological material are 
conventionally expressed as S''C and 6140 values. A positive value of 61 'C indicates a 
higher ' 3C/'2C ratio in the sample relative to the standard. and hence corresponds to a 
enrichment or heavy 8'3C. A negative value implies a lower''C,''2C ratio in the sample 
relative to the standard, and hence corresponds to a '3C depletion or light i'i''C. 'l'he same 
nomenclature applies to 5'80. Biogenic substances produced by the action of living 
organisms display an evident preference for light carbon, leaving 'C mostly as dissolved 
bicarbonate in seawater (Schidlowski. 1988). This has been the case for the last 3.8 Ga 
(Knoll et al_. 1986; Schidlowski. 1988; Des Marais et al., 1992). This LC  depleted organic 
carbon is buried, but can still react during early diagenesis with the oxidant that yields the 
most free energy per mole of organic carbon oxidised ('Fsikos. 1999). The ti''C is 
lowered by the constant supply of fresh melt water caused by the thawing of the ice 
shelf. The deglaciation will contribute even more fresh water. and causes a 
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transgression of deep anoxic and iron-rich waters onto the organic-rich shelf. This 
can he simplified by saying that a glacial event is marked by net a"C depletion. 
Further, variations in the carbon isotopes of limestones and co-occurring organic 
matter record secular changes in the burial rate of the carbon phases with increasing 
61 'C values (1-Iayes, 1993). Post-depositional thermal alteration of organic matter 
normally preserves primary carbon isotopic signatures in carbonate phases (Kah et 
al., 1999). Thus. ancient carbonates generally retain their primary carbon isotopic 
compositions (Marshall. 1992: Buick et al., 1995; Kaufman and Knoll, 1995; Knoll 
et a).. 1995). During transgression, a greater amount of organic matter is stored in the 
marginal areas. resulting in the enrichment of ~'C. whereas during regressive phases 
of the sea. the stored organic matter is eroded and oxidized, resulting in '2C 
enrichment in the deep ocean (Broecker, 1982). 
6'~0 and 81 "C values of the carbonates of Lipak limestones are given in Table 
6.1 and are plotted in a 613C versus 6180 scatter diagram (Fig. 6.3). No general trend 
between &C and 618O values is observed, except that each carbonate component has 
its own range in values in this scatter diagram. The oxygen isotope compositions of 
whole rock samples range from -10%o to - 2496o. The carbon isotope compositions 
of whole rock samples range from 3.34%o to -8.24%0. 
The reliability of b 180 and 6'3C data in bulk-rock sediments is largely 
dependent upon the degree of diagenesis because deep burial diagenes may likely 
lower the 6"0 value therefore the question of primary marine signature versus 
diagenesis needs to be addressed. According to Krystyn et al. (2004), the Devonian 
Muth area. in the Spiti region experienced strong thermal overprint during the 
Ilimalayan orogeny as suggested by conodont alteration indices. By cross-plotting 6 
"0 and 6''C values, no significant correlation has been observed for the limestones 
of the Lipak Formation (r2 = 0.08). The lack of covariance between 6180 and 6'3C 
values (Fig. 6.3) suggests that deep burial diagenesis and tectonic overprint did not 
affect the carbon isotopic composition the same .vay as it affected the oxygen isotope 
composition. 
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Fig. 6.3- 6'3C versus 6180 scatter diagram of limestones of Lipak Formation. 
Therefore large spread of the data shows that this process was not pervasive 
(Krystyn et al. 2004). I-Iowever. it was argued that the original trend in B1sO may be 
preserved and the variations can be interpreted in terms of changing temperature and 
ice-volume. High-frequency scatter and covariant 6130 and 61"O values are often 
attributed to the result of ice-house effects with possibly up to 2% due to ice mass or 
up to 4.3%o due to combined ice mass and cooling (Bruckschen and Veizer. 1997). 
Increasing values in both 6''C and 6O suggest cooling with drawdoN\n of 
atmospheric CO?, decreases in both 6'3C and 6180 suggest warming and higher pCO?. 
This is consistent with the views to reveal the carbon isotope composition of 
carbonate rocks is rather insensitive to water- rock interactions unless very high 
water/rock ratios are involved (Banner and Hanson, 1990). Increases in organic 
carbon burial, such as increases in the amount of living biomass will affect the isotope 
composition of dissolved inorganic carbon in seawater and may cause increase in 6 
to more positive values through the preferential extraction of 'k'. Organic diagenesis 
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might impart on the isotopic composition of carbonates, resulting in the precipitation 
of "C-depleted carbonate cements (Menegatti et al., 1998; Erba et al.. 1999; Kuhnt et 
al.. 2011; Stein et al., 2011). This process may not be excluded but we may consider 
it improbable due to thermal degradation of organic matter during deep burial played 
a major role, therefore the carbon isotope data as largely reflecting the initial isotopic 
composition. 
Carboniferous (Visean to Namurian) corresponds to a time of major cooling 
and glaciation and the onset of the Permian-Carboniferous glaciation which would 
have resulted in more positive d''C and less negative b's0 values of marine carbonate 
(Caputo and Crowell, 1985; Wright and Vanstone 2001; Coe et al., 2003). Glacial 
periods are characterised by greater productivity due to higher nutrient supply from 
erosion of exposed shelves during lowered sea-level and greater organic carbon burial 
in marine sediments. Greater ice volume and cooler water results in less negative 
seawater 6 I `O values; decrease in 6''C and more negative 6 180 suggests warming and 
less ice volume. Carboniferous sedimentary successions was largely produced by 
glaciocustatic changes in sea level as a result of orbital forcing and variations in solar 
irradiance (Vetivers and Powell, 1987; Wright and Vanstone, 2001) and locally there 
would have been tectonic and sedimentary controls on deposition too ("fucker et al. 
2009). A global cooling event, which should be recorded by sea-level fall and ice 
sheet advance, is thus expected under this scenario. A comprehensive review by 
Buggisch et at. (2008) on the oxygen isotope record indicates that there was indeed 
global cooling following the Early Mississippian 6 ''Ccarb  excursion. However, the 
timing of the cooling event was apparently variable across the globe and physical 
evidence of glaciation across the 6 '3Ccarb  excursion has not yet been discovered. 
Caputo (1985) have documented Late Devonian (Famennian) glacial deposits in 
Brazil and also opinioned that the glaciation began in the Late Devonian in central 
South America and continued through the entire Carboniferous to early Late Pernjian, 
with the ice centres migrating across South America and Africa toward Antarctica. 
Buggisch et al. (2008) pointed out that the first glacial deposits are recorded in the 
Amazon Basin in Brazil, Bolivia. and Peru at the Devonian-Carboniferous transition. 
Garzanti and Sciunnach (1997) presented data supporting the occurrence of a 
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minimum of four phases of glacial erosion and sedimentation in Gondwana by the 
mId-Mississippian. They further pointed out that glacial events may have occurred 30 
m.y. earlier than the recorded, large scale. late Carboniferous to early Permian 
glaciations. Gonzalez-isonorino (1990) examined the evidence for middle 
Carboniferous glaciation in Argentina, and he speculated that ice centers developed on 
the Patagonia iigiiabus, possibgyg in the Eari Cahxlliifcrolls. 
-10 -8 -6 -4 -2 0 2 4 	 -2S -20 -15 -10 -5 0 5 10 
6'`C 	 8180 
Fig. 6.4- Stratigraphical (b13C, and 6180) isotope profiles of limestones from the 
Lipak Formation. 
Negative 	'O values as low as -2l %o (Fig.6.4) are most likely glacially 
related (Ruddiman, 2001), but the spatial distribution and global representativeness 
requires further investigation. It may record the advancement of ice sheets (Soreghan 
et al., 2008), or it could be influenced by Alpine-type ice from the highlands. Burial 
diagenesis may be another process that could lower 6 °O values (down to -2196o), but 
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it is improbable to be the cause of the large negative 6 "0 shift because diagenesis 
should have reset the 6 ' 80 of the entire section rather than a negative 6 X80 excursion 
in the middle of the section. Further environmental changes such as sea-level rise 
and fall could both affect influx of terrestrial material to the marine environment with 
a sea-level fall cutting down into coastal sediments and transporting them sea ward. 
while a sea-level rise would rework existing coastal deposits. Both could result in an 
increase in nutrient availability to the environment resulting in more advantageous 
conditions being, available for carbonate production. Alternatively, a sea-level rise or 
fall may also result in turbidity changes disadvantaging carbonate production. 
Increases in aluminium, silicon. iron. manganese and barium and are therefore, result 
from both down cutting and transportation sea .%-ard or reworking of coastal-plain 
sediments. 
It can he summarised that the 613C and 6180 values of Spiti limestones 
demonstrate eustatic sea level changes led by the glacial and interglacial phases 
are well preserved in Lipak limestones of Carboniferous Period. It appears that 
these shifts may also represent a facies change associated with regression event. 
Table-6.1. Stable isotopic data for limestones of the Lipak Formation. 
Sample no. d 'C b O 
MLP-2 -8.242 -10.942 
MLP-2A -8.154 -11.459 
MLP-2 -2.238 -12.687 
MLP-4A -2.332 -12.737 
MLP-2 2.575 -13.668 
MLP-5A 2.548 -13.788 
MLP-2 1.774 -14.521 
MLP-7A 1.854 -13.93 
TKC-7 0.179 -12.201 
TKC-7A 0.401 -11.855  
TKC-9 -1.354 -21.533 
TKC-9A -1.593 -21.546 
TKC-10 3.213 -8.824 
-10A 3.341 -8.678 
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6.7. Importance of Re-Os isotopes: 
The Re-Os system has been successfully applied to cosmochemistry for 
determining crystallisation ages of early solar system asteroids and formation of iron 
meteorites (Horan et al.. 1992: Morgan et al., 1992; Shen et al., 1996; Smoliar et al.. 
1996). The Re-Os system has also played a critical role in geochronology and 
understanding sulphide ore genesis and related tectonic events, mantle evolution. 
crustal growth. diamond formation, oceanic osmium isotope composition and most 
recently. organic-rich sedimentary rocks and hydrocarbons (Morgan. 1986: Ravizza 
and Turekian. 1989; Herzberg. 1993; Foster et al.. 1996; Walker et al.. 1994; Suzuki 
et al.. 1996; Markey et al., 1998: Pearson et al., 2002: Singh et al.. 1999: Raith and 
Stein, 2000; Cohen et al.. 1999: 2004: Creaser et al.. 2002: Selby and Creaser. 
2003: 2005; Kendall et al., 2004; Selby et al., 2007. Tripathy et al.. 2013). Since 
Re and Os are organophilic and redox-sensitive. Re-Os geochronology has the 
potential to provide depositional ages and provides very important information 
on the Os isotope composition of palaeo-seawater (Ravizza et al.. 1991: Selby & 
Creaser 2003; Kendall et al.. 2009; Selby et al., 2009). Re is removed under 
suboxic, anoxic or euxinic conditions from pore waters and is enriched into sediments 
near the sediment-water interface (Colodner et al., 1993; Crusius et al., 1996: 
Morford et al., 2005). Reductive capture of Re from ReVllO4- to ReIV has been 
suggested as the principal mechanism for the removal of Re from pore waters 
(Colodner et al.. 1993). For Os. reductive capture has been proposed for the removal 
of Os into sediments. However, the occurrence of osmium-bearing complexes in 
seawater may suggests that Os might be incorporated into reducing sediments 
through an association with organic matter (Koide et al., 1991: 1 evasseur et al.. 
1998). Four main assumptions are associated with the Re-Os geochronometer which 
include: (1) the Re and Os in organic-rich sedimentary rocks (ORS ) are 
hydrogenous in origin. (2) there is rapid immobilisation of Re and Os after 
deposition thus Re-Os dates reflect the age of deposition and not a younger diagenetic 
age: (3) all samples analysed have a consistent initial Os isotope composition (Osi) 
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derived from seawater at the time of deposition and (4) the samples have remained a 
closed system with little or no post-depositional mobilisation of Re and Os (Kendall 
et al., 2004. 2009.  ) Marine black shales from various geological formations 
world-wide have been used to understand the evolutionary history of the Earth. 
The chemical and isotopic signals conserved in these sedimentary rocks presents 
valuable information on key geological processes. such as the evolution of 
atmosphere oxygen, diversification of life, past glacier epochs and their impacts and 
paleo-seawater conditions. However, their potential to yield information on paleo-
seawater conditions at the time of deposition has been inadequate due to scarce 
information on their depositional ages (Ramakrishnan and Vaidyanadhan. 2008). 
Black shales from the Permian Triassic Boundary in Spiti area. Himachal 
Pradesh Tethys Himalaya were sampled to obtain information pertaining to 
prevailing anoxic conditions of' Late Permian and are also investigated for Re-Os 
systematics. The strategy behind studying these samples lies in the fact that this time 
range witnessed some of the important evolutionary changes in the Earth. The Re and 
Os contained in the organic-rich shales are by and large authigenic in nature and 
hence, the ' ` Rc-' ``Os isotopic systematics in well preserved samples can yield their 
depositional ages (Ravizza and Turekian. 1989; Kendall et al., 2009, Tripathy et al., 
2013). Further. the application of Re-Os chronometer has a merit that it dates the 
sedimentary deposits, whereas most of the radiometric approaches rely on volcanic 
ashes/ clay minerals. This dating technique also enables to reconstruct the marine 
' 97Os.' ' 880s ratio during deposition period of these shales. The mass extinction in the 
history of animal life occurred some 252 million years ago, wiping out more than 96 
percent of marine species and 70 percent of life on land including the largest insects 
known to have inhabited Earth. Multiple theories have aimed to explain the cause of 
what's now known as the end-Permian extinction, including an asteroid impact. 
massive volcanic eruptions, or a cataclysmic cascade of environmental events. The 
time span near the P-T boundary is an important period in terms of extinction of life 
as the "Mass extinction in Permian period" Despite its global importance, the cause 
for triggering the Mass extinction and seawater chemistry during this period has been 
remained unclear. 
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The high Re and Os concentrations are noticed in the Spiti black shales 
indicating highly anoxic condition of seawater at the P-T boundary. Our results are 
in agreement with Williams et al. (2012) who used combination of geochemical and 
statistical approaches to construct a geochemical record of Gungri shale at Attargoo 
section that provided information regarding the original depositional environment and 
concluded that the sequence was deposited under low oxygen conditions with a 
transition from dysoxic to anoxic to euxinic close to the end-Permian. The osmium 
isotopic ratios of Spiti black shales are increasing towards P-'I' boundary possibly due 
to the increasing anoxic conditions towards the boundary (Fig.6.5a, b). These results 
contradict the views proposed by earlier workers such as Shukla et al. (2002: 2003) 
that the P-T sequence may have witnessed bolide impact, although their views were 
based on trace elemental geochemistry such as positive Europium anomaly. Re/Os 
ratios in extraterrestrial and terrestrial materials such as iron meteorites, ordinary 
chondrites, tholeiite basalts and granites are 0.083, 0.086, 28, and 10. respectively 
(Allegre and Luck,l980) and Re/Os ratio of meteorites varies only with narrow limits 
in spite of the wide range of concentrations (Faure. 1986). In the present study. the 
147Re/'88Os and ...Os/18gOs ratios of Gungri black shales range between 121-505 and 
1.28-3.43 respectively and the higher values are close to the P-'I' boundary. which are 
much higher than the meteorites and other extraterrestrial material concentrations. 
These ratios strongly indicate that there was no extraterrestrial impact at P-"l' 
boundary. This strongly reveals that the signatures of meteoritic impact must be ruled 
out at Permo-Triassic boundary in the Spiti region. 
Because of over spiking. the depositional age of black shales could not be 
attempted at present. Therefore the samples are being processed once again at the 
physical research Laboratory Ahmadabad for obtaining true ratios of Re-Os. 
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Fig.6.Sa- Showing the'87Os /'KKOs values at P-T boundary, (b) note that'87Os/ IKxOs 
and IK7Re/ IKsOs values increasing towards the boundary. 
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CHAPTER-VII 
CONCLUSIONS 
A` 	File Permocarboniferous sandstones from the Spiti region are classified as 
quartzarenites. sublitharenites. litharenites, and subarkoses. Detrital modes 
show the presence of quartz as dominant framework grains consisting of 
mainly monocrystalline quartz with negligible amounts of polycrystalline 
quartz. Rock fragments form the second significant mineral component after 
quartz in the sandstones whereas feldspar percentages are very little with 
higher abundances in the Lower Permian Ganmachidam Formation. 
The source area was affected by differential degree of weathering from intense 
to low as recorded in the detrital mineralogy and CIA values. The span of CIA 
values (78-52) recorded in the Spiti siliciclastic sediments corresponding to 
different formations of the Kanawar Group may have resulted from varying 
(more aggressive to low) degrees of weathering conditions in the source area, 
which in turn reflect variable climate conditions prevailing during the Permo-
Carboniferous period in the Spiti region. 
Discriminant diagrams. consisting of both major and trace elements constrain 
overall passive margin tectonic setting for Spiti silliciclastic rocks. Although this 
setting can be further divided into Pre-rift (Lower Carboniferous Lipak 
carbonates) and syn-rift (mid-Carboniferous to Lower Permian Po and 
Gaiunachidam sequences) documenting the incipient birth of Neo-tethys. 
The sandstones have petrographic (texture, framework mineralogy, quartz 
type and inclusions in quartz) and geochemical characteristics (such as REE 
patterns, Th(Sc. La/Sc, Cr/Th and lLu/Eu* ratios) suggesting quartzoze 
recycled sedimentary rocks as the source rocks in addition to high grade 
metamorphic and plutonic igneous rocks. 
I he salient geochemical characteristics (high SiO2, A1203 and relatively low 
Mg() vvalues) coupled with some significant immobile elemental ratios 
(SiOi/A1203. A1203/TiO2) and geochemical characteristics of trace elements such 
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as REE patterns (LREE enriched and almost flat HREE patterns). Th/Sc. La/Sc. 
Cr/Th. La/Th. ratios and strong negative Eu/Eu* anomaly indicate the derivation 
of the Spiti silliciclastic sediments from a more felsic dominant source. 
Detrital zircon peaks in the Tethyan sediments ranging from Palcoproterozoic 
(1.8-1.9 Ga) and Neoproterozoic to Paleozoic ages (0.9Ga to 570N/la) have been 
reported by many workers and similar peak ages have been documented in 
correlative Lesser Himalayan and Higher Himalayan granitoid belts along strike 
of the Himalaya. This in turn indicates a southern provenance for the clastic 
Tethyan Himalayan units in Nepal and north-west India attributed to Cambro-
Ordovician tectonic activity on the northern Indian margin. A good similarity 
between multi-elemental spider diagrams of Spiti clastic sediments and the 
Proterozoic and Paleozoic granitoids from the Himalayas is obtained which 
substantiate the above inference and suggest that Tethyan sediments may have 
been derived from these granitoid belts. 
In addition to the source rock characteristics, these sediments also record a shift 
in climate. Geochemical proxies (e.g. CIA), paleontological (fossil) evidences 
coupled with systematic lithostratigraphic variations in the compositional 
maturity of the Kanawar Group sandstones (i.e. from base to top, mature-
submature to immature) and the nature of the feldspar observed in thin sections 
from most altered (to clay) to euhedral pristine minerals 	corresponding to 
Carboniferous to lower Permian sandstones from this area, is very well linked 
to the changing paleoclimate of India (i.e. warm-humid to glacial-arid). This 
may be linked with the Carboniferous to Permian drift of the landmass through 
differential latitudinal zones and the overall change in global climate (Schefller 
et al.. 2003).Thus the Permo-Carboniferous Tethys Himalayan sequence in the 
Spiti region documents progressive long-term climate change from cool humid 
climates in Visean to cold subpolar climate in the Asselian period. This 
conclusion is in agreement with other such studies carried out elsewhere in the 
world on the Permo-Carboniferous sequences. Particularly. Garzanti and his co-
workers (Garzanti et al.. 1996), who also document a shift in climate from 
humid to glacial arid in the Spiti rocks essentially. based on the presence of 
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fauna i.e. warm- water (Brachiopods) fauna from the Lipak Carboniferous rock 
association to cold—water fauna from Ganmachidam (early Permian) rocks. Thus 
the present integrated study of petrography and geochemistry of elastic rocks 
from the Permo-Carboniferous sequences of Spiti area, substantiate other such 
studies and becomes a significant contribution towards understanding global 
climatic changes over Permo-Carboniferous period. 
The significant geochemical characteristics of Lipak limestones (Er/Nd, Y/Ho 
and LaN/YbN ratios) non-seawater-like REE patterns, higher abundance of 
certain trace elements (l'h, Sc and Hf) together suggest that the REE signals 
were mainly influenced by the incorporation of terrigenous materials in these 
limestones. Lack of correlation among Mn, Sr and LREE suggests no significant 
diagenetic alteration in the Lipak limestones. This inference is also supported 
from the lack of covariance between &O and 6°C values of these limestones 
(Fig. 6.3). 
S 	The main characteristics that distinguish the phosphatic concretions from the 
surrounding host black shales arc enriched Y, Sr and REE abundances with high 
P2Os contents and MREE enrichments, with a "hat-shaped" pattern and subtle 
positive Ce-anomalies. These relationships may have resulted from the early 
diagenetic conditions of phosphatic lenses and are linked to the formation of 
authigenic apatite caused by microbial decomposition of organic matter. 
➢ The SEM and XRD studies reveal that the chlorite and illite are the most 
prominent clay minerals in black shales. The significant variations in the 
mineralogical composition and lack of any continuous vertical trend (Fig. 5.22) 
in the studied phosphatic concretions suggest a relatively low impact on the 
primary environmental signal by burial diagenesis. 
The geochemical ratios of Ni/Co (2.3-7.2), V/Cr (0.78-2.78), V!(V+Ni) (0.58-
0.87),V/Se (5.5-26.4), positive Ce anomalies support the conclusion that black 
shales were deposited in dysoxic to anoxic conditions. 
➢ The large variation in 6t 'C (+3.3496o to -8.24%o) and 5180 (-l0%o to - 24%o.) 
values demonstrate eustatic sea level changes led by the glacial and interglacial 
phases and these signatures of Gondwana glaciations are preserved in Lipak 
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limestones of Carboniferous period. It appears that these shifts may also 
represent a facies change associated with regression event and a decrease in 
sedimentation. 
Some attention grabbing results were obtained from Re-Os studies of the 
Permian black shales at the P-T boundary. The high ' 870s/1880s  (1.28-3.43) and 
'87Re/'RROs ratios (121-505) in the black shales indicate highly anoxic conditions 
prevailing at P-T boundary. These ratios strongly indicate that there was no 
extraterrestrial impact at P-T boundary. 
The increasing anoxic conditions (inferred from the Re-Os studies) at the P-i 
boundary may he considered as one of the strong reasons for mass extinction at 
end-Permian period. 
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